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2.  Section  I:  A  brief  introduction  covering  the  purpose  and  scope  of  the  research  effort 

Breast  cancer  is  the  second  leading  cause  of  cancer-related  deaths  and  approximately  15%- 
20%  of  patients  are  diagnosed  with  TNBC,  which  do  not  express  estrogen  receptor  (ER), 
progesterone  receptor  (PR)  and  human  epidermal  growth  factor  receptor  2  (HER2).  It  is  a 
particularly  lethal  subtype  of  breast  cancer  with  a  5-year  survival  rate  as  low  as  40%.  The  life 
expectancy  after  detection  of  visceral  metastasis  in  TNBC  patients  is  estimated  as  3  to  22 
months.  The  over-expression  of  ErbB2  (HER2)  occurs  in  approximately  20-25%  of  all  breast 
tumors  and  the  outcome  of  current  therapies  for  ErbB2-positive  breast  cancers  (EPBC)  remains 
unsatisfactory  due  to  short  intervals  to  recurrence,  short  overall  survival,  resistance  and  toxic 
side  effects.  African  American  women  are  34%  more  likely  to  die  from  breast  cancer  than  white 
women.  The  TNBC  and  EPBC  are  high  risk  breast  cancers  and  the  choice  of  orally  available 
chemotherapeutic  agents  is  limited.  Hormonal  therapy  (ER  modulators)  and  HER  antibody 
based  therapy  are  far  safer  than  cytotoxic  drug  based  regimens.  But  triple  negative  breast 
cancers  are  not  responsive  to  hormonal  or  HER  targeting  therapy.  Given  the  challenge  in 
treating  TNBC  and  EPBC  and  its  inherent  poor  prognosis,  the  use  of  novel  orally  active  C-DIM 
analogues  will  have  major  clinical  implications  for  the  treatment  of  breast  cancer.  Orally 
administered  Diindolyl  methane  (DIM)  analogue  DIM-C-pPhC6H5  alone  showed  potent 
anticancer  activity  and  also  exhibited  additive  to  synergistic  anticancer  activity  in  combination 
with  docetaxel  (doc).  Based  on  this  success,  our  ultimate  objective  is  to  design,  synthesize  and 
evaluate  the  novel  orally  effective  DIM  analogues  to  treat  TNBC  and  EPBC  by  establishing  the 
breast  cancer  research  program  with  the  support  of  proposed  HBCU/MI  Partnership  Training 
Award.  The  proposed  studies  will  synthesize  C-DIM  analogs  (DIM10  and  DIM  12,  14)  and 
investigate  the  structure-dependent  anticancer  activities  in  TNBC  and  EPBCusing  both  cell  and 
laboratory  animal  models.  Our  hypothesis  is  that  the  novel  C-DIM  analogues  will  show  potent 
anticancer  activity  against  TNBC  and  EPBC  and  the  use  of  C-DIM  analogues  could  be  a  novel 
approach  for  the  treatment  of  breast  cancer.  Moreover,  evaluation  of  anticancer  efficacy  of  DIM 
loaded  tumor  targeted  nanoparticles  in  TNBC  patient  derived  tumorgrafts(PDX)  could  be  helpful 
in  understanding  its  clinical  outcome. 

3.  Section  II:  Research  Accomplishments 
Comprehensive  Summary  of  the  Project: 

A.  Initially  we  synthesized  two  C-DIM  analogues  C-DIM-5  and  C-DIM-8,  these  compounds 
were  synthesized  based  on  the  previous  methods  from  Dr.  Safe’s  lab.  The  invitro 
anticancer  effects  were  significant  as  shown  in  Fig  1-3  and  Table  1.  Further,  based  on 
observations  from  Dr.  Safe’s  laboratory  that  C-DIM-10  &  C-DIM-14  inactivated  pro- 
oncogenic  TR3  in  pancreatic  cancer,  we  synthesized  C-DIM-10  and  C-DIM-14 
analogues.  These  compounds  were  evaluated  for  in  vitro  anticancer  activity  in  TNBC 
(MDA-MB-468,  MDA-MB-231  and  MDA-MB-453)  and  EPBC  (BT474  and  SKBR3)  cells. 
We  found  that  these  compounds  inhibited  growth  of  both  breast  cancer  types  and  their 
IC50  values  for  these  compounds  were  ranged  from  8-18  pM(  Fig  4-6  and  Table  2-3). 
The  clonogenic  assay  with  C-DIM-10  and  14  showed  significant  inhibition  of  colony 
formation  in  all  the  cells  types  used  in  the  study  at  3,  10  and  20  pM  concentrations.  Cell 
cycle  analysis  showed  C-DIM  induced  cell  cycle  arrest  at  G1  phase  and  Annexin-V 
staining  confirmed  that  C-DIM10  and  C-DIM-14  induced  apoptosis  these 
cells(Publication  1) 
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In  the  cell  migration  assay  both  DIM-10  and  14  inhibited  breast  cancer  cell  migration  effects  and 
both  compounds  were  more  effective  against  EPBC  compared  to  TNBC  type.  DIM-10  was  more 
potential  that  to  DIM-14  in  most  of  these  responses. 

B.  The  solubility  of  the  novel  C-DIMs  was  found  to  be  very  poor  (<1  gg/ml).  It  is  expected 
that  due  to  poor  water  solubility  the  oral  bioavailability  of  these  compounds  would  be 
low.  Caco-2  and  PAMPA  permeability  studies  also  indicated  very  low  oral  bioavailability 
of  DIM-10  and  14. 

C.  Pharmacokinetic  studies  with  DIM-10  and  DIM-14  suggested  that  due  to  poor  oral 
aqueous  solubility,  these  compounds  have  limited  oral  bioavailability.  To  improve  oral 
bioavailability  novel  oral  nanoparticle  based  formulations  were  prepared  and  their 
Pharmacokinetic  and  Pharmacodynamic  effects  were  studied.  The  nanostructured  lipid 
carrier  (NLC)  containing  DIM-10  resulted  in  the  significant  increase  in  the  oral 
bioavailability  and  anticancer  effects  in  MDA-231  orthotopic  TNBC  model.  The  micellar 
form  of  DIM-14  also  exhibited  improved  pharmacokinetic  profile  and  significant  increase 
in  the  anticancer  effects(publications(Publication  2-3). 

D.  The  combination  treatment  of  DIM-10  with  standard  anticancer  drug  Doxorubicin 
produced  additive  anticancer  effects  while  reducing  the  Doxorubicin  induced 
cardiotoxicity.  The  combination  treatment  of  DIM-10  with  Telmisartan  resulted  in 
significant  increase  in  the  anticancer  effects  in  TNBC  animal  models  compared  to 
individual  treatment  with  either  DIM-10  or  Telmisartan(Fig  6-9,  Publications  4-5). 

E.  Our  abstract  presented  during  the  AAPS  annual  meeting  at  Chicago  October  14-1 8th, 

2012  was  selected  for  the  media  highlight  and  public  outreach.  Only  1 0  abstracts  were 
chosen  for  this  meeting  from  various  areas  of  research  and  our  was  one  of  those.  The 
importance  of  this  work  has  been  published  in  several  news  channels  worldwide,  few  of 
those  channels  are  Eureka  Alert,  Yahoo  news,  Science  Daily  news  etc. 

The  media  highlight  was  on  various  web  sites  and  some  examples  are: 
http://www.aaps.org/news.aspx 

http://www.eurekalert.org/emb  releases/201 2-1 0/aaop-sfvl  01 1 1 2.php 

http://www.naturalnews.com/032410  parsley  tumors.html 

http://www.naturalnews.com/029204  broccoli  cancer  cells.html 
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DIM-8  24h 


Figure  1 :  Cytotoxicity  data  of  DIM-5  and  8  on  SKBR3  cancer  cells. 


Concentration 


Figure  2:  Cytotoxicity  data  of  DIM-5  and  8  on  TNBCs  (MDA-MB-231  and  MDA-MB-453) 
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100  , 


Comparative  IC50  values  at  72h 


IC50  Values  (pM)  at  72h 


Cell  Type 

SKBR3 

IVlDA-MB-468 

MDA-MB^i53 

MDA-MB-231 

DIM-5 

23.27 

18.74 

17.54 

17.42 

DIM-8 

29.35 

19.77 

19.64 

23.05 

Figure  3  and  Table  1:  Cytotoxicity  data  of  DIM-5  and  8  on  TNBCs  (MDA-MB-468 
and  comparative  IC50  values  of  DIM-5  and  8  on  breast  cancer  cells  at  72  h  post 
treatment. 
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Figure  4:  Cytotoxicity  data  of  DIM-10  and  14  on  EPBC  breast  (BT  474  and  SKBR3) 
cancer  cells. 


HER  positive  cells 

IC50  (pM) 

Cell  Type 

DIM-10 

DIM-14 

BT-474 

13.83  ±1.21 

17.0512.24 

SKBR3 

8.10±0.73 

11.7511.62 

Table  2:  comparative  ICso  values  of  DIM-10  and  14  on  EPBC  breast  cancer  cells 
(BT474  and  SKBR3)  at  72  h  post  treatment.  Each  data  point  is  represented  as  mean  ± 
SEM  (n=6).  Each  experiment  repeated  3  times. 


Fig.  5.  Cytotoxicity  data  of  DIM-10  and  14  on  TNBCs  (MDA-MB-468  and  MDA-MB-231) 
cancer  cells.  Each  data  point  is  represented  as  mean  ±  SEM  (n=6).  Each  experiment 
repeated  3  times. 
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90  n 


TNBC  cells 


Cell  Type 


MDA-MB-468 


MDA-MB-231 


MDA-MB-453 


IC50  (|iM) 


DIM-10 


11.03+1.04 


11.63  +  0.89 


12.45+  1.84 


DIM-14 


14.11  +  1.30 


18.86+1.62 


13.30+2.46 


Figure  6  and  Table  3:  Cytotoxicity  data  of  DIM-10  and  14  on  TNBCs  (MDA-MB-453 
and  comparative  ICso  values  of  DIM-10  and  14  on  TNBC  breast  cancer  cells  at  72  h 
post  treatment.  Each  data  point  is  represented  as  mean  ±  SEM  (n=6).  Each  experiment 
repeated  3  times. 
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Anticancer  evaluation  in  breast  cancer  models: 


Weeks  Post  Treatment 


1200  -I 
*1  1000  ■ 
q)  800  ■ 
|  600  ■ 

%  400  ' 
i  200  ■ 

0  ■ 


** 


Untreated  DIM-10  DIM-14 

Control 


Figure  7:  Effect  of  DIM-10  and  DIM-14  (30  mg/kg/  daily)  on  tumor  progression  in  MDA- 


MB-231  TNBC  model.  Each  data  point  is 
***P<0.001,  **  P<0.01  Vs  control 


Weeks  Post  Treatment 


represented  as  mean±sem  (n=6-7). 


Untreated  DIM-10  Doxo  Dox+DIM-10 
Control 


Figure  8:  Effect  of  DIM-10  (30/mg/kg/  day,  oral),  Doxorubicin  (5  mg/kg/week,  iv),  and  DIM- 
10+Doxo  (30  mg/kg/  day  and  5  mg/kg  iv)  on  tumor  progression  in  MDA-MB-231  TNBC  model. 
Each  data  point  is  represented  as  mean  ±  sem  (n=6-7).  ***P<0.001  Vs  control  and  B  Vs  TEL 
and  DIM-10. 
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Weeks  Post  Treatment 
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I- 
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Untreated  DIM-10  Tel  DIM-10+Tel 
Control 


Figure  9:  Effect  of  DIM-10  (30/mg/kg/  day,  oral),  Telmisartan  (10  mg/kg/day,  oral)  on 
tumor  progression  in  MDA-MB-231  TNBC  model.  Each  data  point  is  represented  as 
mean  ±  sem  (n=6-7).  ***P<0.001  ,**P<0.01  Vs  control  and  B  Vs  TEL 
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F.  The  novel  role  of  DIM  as  an  orphan  nuclear  receptor  4A1  (NR4A1)  antagonist  was 
explored  in  TNBC.  NR4A1  is  overexpressed  in  mammary  tumors  and  transfection  of 
MDA-MB-231  breast  cancer  cells  with  siNR4A1  decreased  cell  proliferation  and  induced 
apoptosis.  NR4A1  binds  and  inactivates  p53  and  knockdown  of  NR4A1  or  treatment  of 
p53  wild-type  lung  cancer  cells  with  an  NR4A1  antagonist  or  transfection  with  siNR4A1 
results  in  activation  of  p53  and  induction  of  sestrin  2  which  activates  AMPKa  and  inhibits 
the  mTOR  pathway  (Figure  1). 


Figure  10.  NR4A1 -regulated  pathways  and  effects  of  NR4A1  knockdown  on  breast  cancer  cell 
proliferation.  NR4A1 -regulated  pathways/genes  that  can  be  targeted  by  C-DIM/NR4A1 
antagonists. 

Both  the  DIM  derivatives  showed  significant  reduction  in  tumor  weight  and  volume  in  MDA-MB- 
231  orthotopic  tumor  bearing  mice  (Figure  11).  Effects  of  C-DIM/NR4A1  antagonists  were 
comparable  to  that  observed  after  NR4A1  knockdown.  The  C-DIM  compounds  with  a  p- 
carboxymethylpenyl  group  (DIM-C-pPhC02Me)  and  cyano  substitutent  (DIM-C-pPhCN)  have 
been  identified  as  NR4A1  antagonists.  After  knockdown  of  NR4A1  in  these  cells,  treatment  with 
DIM-C-pPhC02Me  resulted  in  only  minimal  growth  inhibition  confirming  a  role  for  NR4A1  in 
mediating  the  growth  inhibitory  effects  of  DIM-C-pPhC02Me  (Figure  12A).  Treatment  of  MDA- 
MB-231  cells  with  DIM-C-pPhC02Me  also  increased  ROS  after  12  and  24  hr  (Figure  12B)  and 
this  was  also  accompanied  by  decreased  expression  of  TXNDC5  and  IDH1  and  induction  of 
markers  of  ER  stress  (p-PERK,  ATF4,  CHOP  and  XBP-ls).  Treatment  of  the  cells  with  DIM-C- 
pPhC02Me  for  24  hr  induced  cleavage  (activation)  of  caspases  7  and  8  and  PARP  (Figure  4A) 
and  enhanced  annexin  V  staining  in  MCF-7  (Figure  12C)  and  similar  results  were  observed  for 
the  p-cyanophenyl  compound  (DIM-C-pPhCN).  The  NR4A1  antagonist  DIM-C-pPhCN  also 
inhibited  the  mTOR  pathway.  siNR4A1  or  treatment  with  DIM-C-pPhCOaMe  decreased 
expression  of  survivin,  bcl2  and  EGFR  in  MDA-MB-231.  Reduction  in  the  expression  of  same 
markers  was  observed  in  in  vivo  anticancer  studies  in  MDA-MB-231  xenograft  solid  tumor 
bearing  athymic  nude  mice  (Figure  13B  and  13C).  DIM-C-pPhC02Me  and  siNR4A1  also 
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induced  sestrin  2  and  inhibited  mTOR  in  p53  mutant  SKBR3  and  MDA-MB-231  cells  and  the 
mechanisms  of  this  response  was  also  investigated  (Publication  6). 


DIM-C-pPhC02Me  -  + 

DIM-C-pPhCN  -  -  + 


DIM-C-pPhC02Me  + 

DIM-C-pPhCN  .  -  + 


Figure  11.  Athymic  nude  mice  bearing  MDA-MB-231  cells  (orthotopic)  were  administered  corn 
oil  (control),  DIM-C-pPhCC>2Me  or  DIM-C-pPhCN  (50  mg/kg  d)  by  oral  gavage  for  28  days,  and 
effects  on  tumor  growth  and  weight  were  determined  (*  significantly  decreased;  p<0.01). 


(A)  □  DMSO 


siCtl  +  + 


siNR4A1  +  + 


(B) 


Figure  12.  (A)  NR4A1 -regulated  pathways  and  effects  of  NR4A1  knockdown  on  breast  cancer 
cell  proliferation.  Cells  were  transfected  with  siCtl  (non-specific  oligonucleotide)  or  siNR4A1  and 
then  treated  with  20  (iM  DIM-C-pPhCC>2Me  for  24  hr  and  the  number  of  cells  were  then  counted. 
(B)  DIM-C-pPhC02Me  induces  ROS  and  stress.  Cells  were  treated  with  DIM-C-pPhCC>2Me  and 
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ROS  was  determined  after  12  or  24  hr.  (C)  DIM-C-pPhC02Me  induces  apoptosis  in  cells  were 
treated  with  DIM-C-pPhCC^Me  for  24  hr.  Annexin  V  staining 


(A) 


DIM-C-pPhC02Me  (pM) 

0  7.5  15 

c-Ca$pa$e  8 

^  & 

c-Caspase  7 

c-PARP 

p-actin 

— — — 

(B)  Control  + 
DIM-C-pPhC02Me  - 


survivin 

EGFR 

bcl2 

TXNDC5 

IDH1 

C-PARP 

p-actin 


Figure  13.  (A)  DIM-C-pPhCOaMe  induces  apoptosis  in  cells  were  treated  with  DIM-C- 
pPhCC>2Me  for  24  hr.  Whole  cell  lysates  were  analyzed  by  western  blots  (B)  Effects  of  NR4A1 
antagonists  on  selected  gene  product  expression  in  tumors.  Orthotopic  tumors  in  athymic  nude 
mice  bearing  MDA-MB-231  cells  were  treated  with  DIM-C-pPhC02Me  (50  mg/kg/d)  or  vehicle 
(control)  for  28  days.  Lysates  from  tumors  from  control  and  DIM-C-pPhC02Me-treated  mice 
were  analyzed  by  western  blots  and  (C)  bands  were  quantitated  and  normalized  relative  to  (3- 
actin. 

G.  We  prepared  the  liposomes  containing  DIM  and  also  conjugated  them  to  CREKA 
peptide.  We  also  evaluated  them  in  vitro  models  and  cell  lines  already  in  our  laboratory. 
We  also  developed  a  doxorubicin(DOX)  resistant  MDA-MB231  cell  lines  in  the  laboratory 
since  the  PDX  model  did  not  work  very  well.  The  DOX  resistant  cell  line  was  then  used 
for  animal  model  studies.  We  also  showed  in  vitro  that  our  formulation  induces  apoptosis 
in  this  cell  line. 


Acridine  orange  apoptosis  assay  MDA-MB-231 /DOX  resistant  cells  were  plated  in  96-well 
tissue  culture  plate,  at  a  density  of  IxlO4  cells/well  and  allowed  to  incubate  overnight  and 
were  treated  with  10  pg/ml  of  DIM-10  in  DMEM  media  from  stock  solution  in  DMSO.  After  24 
h  of  DIM-10  exposure,  cells  were  washed  with  PBS  and  incubated  with  acridine 
orange/ethidium  bromide  for  30  mins.  Fluorescent  microscopic  images  were  captured  for 
evaluating  apoptosis.  A  dose  response  effect  was  seen. 

Anticancer  efficacy  studies: 
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Balb/c  nu/nu  mice  were  injected  with  2  million  Doxorubicin  resistant  tumor  cells  in  mammary  fat 
pad.  After  14  days,  animals  were  randomly  divided  into  four  groups  (Saline  solution,  DIM-10 
solution,  DPL  and  CDPL)  of  10  animals  each.  Treatment  were  started  on  15th  day  of  cell 
inoculation.  DIM-10  solution  and  formulations  equivalent  to  10  mg/kg  DIM-10  were  administered 
by  tail  vein.  Treatment  was  given  every  other  day  for  2  weeks.  Animals  were  sacrificed,  3  days 
after  the  last  dose  of  DIM-10.  Tumor  volume  was  measured  and  tumors  were  used  for 
immunohistochemistry  (IHC)  and  western  blot  analysis.  Our  results  in  Fig  2  show  that  targeted 
liposomes  containing  DIM  were  the  most  potent(p<0.01)  in  tumor  regression  as  compared  to  all 
other  formulations(Publication  7  and  8). 

Fig  14.  Orthotopic  xenograft  DOX  resistant  triple  negative  breast  tumor  bearing  animals  treated 
with  intravenous  DIM10  formulation(10mg/kg)  showed  significant  reduction  in  average  breast 
tumor  volume  compared  to  control  group.  DPL=  DIM  Liposomes,  CDPL:  CREKA  peptide 
conjugated  DIM  liposomes. 


Collaboration  and  training: 

a)  Several  post-doctoral  fellows  and  students  have  been  trained  through  this  proposal.  For 
example  Chandu  Godugu,  Ketan  Patel,  Imran  Vohra,  Arindam  Mondal,  Ravi  Doddapeneni 
are  some  of  the  post-doctoral  fellows  who  have  been  trained  on  this  project.  Also  graduate 
students  Ebony  Nottingham,  Cedar  Boakye,  Arvind  Bagde  were  all  trained  through  this 
project.  Cedar  Boakye  has  graduated  with  a  Ph.D  and  is  currently  a  reviewer  at  FDA. 
Chandu  Godugu  is  an  Assistant  Professor  in  NIPER  Hyderabad  and  Ketan  Patel  is  an 
Assistant  Professor  in  St.  John,  College  of  Pharmacy.  Ravi  Doddapeneni  is  a  Senior 
Scientist  at  the  University  of  Miami. 
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b)  PI  has  also  been  able  to  find  new  collaborations  with  Dr.  Arun  Rishi  from  Wayne  State 
University.  Collaboration  with  Dr.  Stephen  Safe  also  led  to  new  projects  and  publications. 


Section  III:  Problem  Areas 

Currently  there  are  no  problem  areas 

Section  IV:  A  description  of  work  to  be  performed  during  the  next  reporting  period. 

This  is  the  final  report.  At  this  point  we  are  trying  to  finish  all  the  manuscripts 


Section  V:  Administrative  Comments  (Optional)  -  Description  of  proposed  site  visits 
and  participation  in  technical  meetings,  journal  manuscripts  in  preparation, 
coordination  with  other  organizations  conducting  related  work,  etc. 

Presentations: 

1.  Novel  diindolylmethane  derivatives  inhibit  Triple  negative  breast  cancer  (TNBC)  and 
ErbB2-positive  breast  cancer  (EPBC).  Presented  at  AAPS  meeting,  2012. 

This  Research  work  was  selected  for  the  media  coverage  in  AAPS  annual  meeting, 
Chicago  October  14-1 8th,  2012.  Our  work  was  covered  in  various  news  sites  like 
Eureka  Alert,  Yahoo  news,  Science  Daily  news  etc. 

2.  April  Prather,  Chandraiah  Godugu,  Apurva  R.  Patel,  Stephen  Safe,  Mandip  Sachdeva, 
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Abstract 


The  orphan  nuclear  receptor  4A1  (NR4A1)  is  overexpressed  in  mammary  tumors  and 
breast  cancer  cell  lines.  The  functional  activity  of  this  receptor  was  investigated  by  RNA 
interference  with  oligonucleotides  targeted  to  NR4A1  (siNR4A1)  and  by  treatment  with 
NR4A1  antagonists.  Breast  cancer  cells  were  treated  with  NR4A1  antagonists  or  transfected 
with  siNR4A.  Effects  on  cell  proliferation  and  apoptosis  as  well  as  specific  genes  associated 
with  these  responses  were  investigated  in  MCF-7,  SKBR3,  and  MDA-MB-231  cells,  and  in 
athymic  nude  mice  bearing  MDA-MB-231  cells  as  xenografts.  Transfection  of  MCF-7,  MDA- 
MB-231,  and  SKBR3  breast  cancer  cells  with  siNR4A1  decreased  cell  proliferation  and  induced 
apoptosis  in  these  cell  lines.  Transfection  of  breast  cancer  cells  with  siNR4A1  also  decreased 
expression  of  Sp-regulated  genes  including  survivin,  bcl-2,  and  epidermal  growth  factor 
receptor,  inhibited  mTOR  signaling  in  MCF-7  cells  that  express  WT  p53,  and  activated 
oxidative  and  endoplasmic  reticulum  stress  through  downregulation  of  thioredoxin 
domain-containing  5  and  isocitrate  dehydrogenase  1.  LI-B/sCB'-indolylM-Cp-substituted 
phenyl)methanes  (C-DIMs)  are  NR4A1  ligands  that  act  as  NR4A1  antagonists.  Treatment  with 
selected  analogs  also  inhibited  breast  cancer  cell  and  tumor  growth  and  induced  apoptosis. 
The  effects  of  C-DIM/NR4A1  antagonists  were  comparable  to  those  observed  after  NR4A1 
knockdown.  Results  with  siNR4A1  or  C-DIMs/NR4A1  antagonists  in  breast  cancer  cells  and 
tumors  were  similar  to  those  previously  reported  in  pancreatic,  lung,  and  colon  cancer  cells. 
They  demonstrate  the  potential  clinical  applications  of  NR4A1  antagonists  in  patients  with 
tumors  that  overexpress  this  receptor. 


Key  Words 

►  NR4A1 

►  indole  derivative 

►  antagonists 


Endocrine-Related  Cancer 
(2015)  22,  831-840 


Introduction 

Nuclear  receptor  4A1  (NR4A1,  Nur77,  TR3)  is  a  member 
of  the  NR4A  orphan  receptor  sub-family  of  nuclear  receptors. 
NR4A  receptors  (NR4A1,  NR4A2,  and  NR4A3)  play  essential 
roles  in  metabolic  processes,  inflammation,  vascular  func¬ 
tion,  steroidogenesis,  and  the  CNS  (Maxwell  &  Muscat  2006, 
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Pearen  &  Muscat  2010,  Lee  et  al.  2011).  NR4A1  is  over¬ 
expressed  in  multiple  tumors  and  cancer  cell  lines.  Results  of 
receptor  knockdown  by  RNA  interference  (RNAi)  demon¬ 
strate  that  in  solid  tumors  the  receptor  is  pro-oncogenic  and 
regulates  cell  growth  and  survival  (Uemura  &  Chang  1998, 
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Bras  etal.  2000,  Kolluri  etal.  2003,  Zeng  etal  2006,  Lee  etal. 
2010,  2011,  2012,  2014a,  Wu  et  al.  2011).  Several  pro- 
apoptotic  agents  including  phorbol  esters  and  adamantyl- 
derived  retinoids  induce  expression  and  nuclear  export  of 
NR4A1  which  subsequently  binds  mitochondrial  bcl-2  to 
form  a  pro-apoptotic  complex  that  decreases  mitochondrial 
membrane  potential  (Li  et  al.  2000,  Lin  et  al  2004,  Zhang 
2007).  This  has  led  to  the  development  of  peptide  mimics 
that  convert  bcl-2  into  an  apoptotic  complex;  similar  results 
have  been  reported  for  the  taxane-derived  anticancer  agent 
paclitaxel  (Kolluri  et  al.  2008,  Ferlini  et  al.  2009). 
Cytosporone  B  and  related  analogs  have  been  identified  as 
ligands  for  NR4A1  (Zhan  etal  2008,  Liu  etal  2010),  and  two 
additional  compounds,  (ethyl  2-(2,3,4-trimethoxy-6-(l-oct- 
anoyl)phenyl)acetate  and  l-(3,4,5-trihydroxyphenyl) 
no-nan-l-one),  also  bind  NR4A1  (Zhan  et  al  2012,  Wang 
et  al  2014).  Ethyl  2-(2,3,4-trimethoxy-6-(l-oct-anoyl) 
phenyl)acetate  inactivates  nuclear  NR4A1,  whereas 
l-(3,4,5-trihydroxyphenyl)no-nan-l-one  and  cytosporone 
B  induce  nuclear  export  of  NR4A1. 

Studies  in  this  laboratory  have  been  investigating 
a  series  of  l,l-bzs(3Mndolyl)-l-(p-substituted  phenyl) 
methane  (C-DIM)  analogs  and  their  effects  on  NR4A1  and 
NR4A1 -dependent  transactivation  (Chintharlapalli  et  al 
2005,  Lee  etal  2009,  2010,  2012,  2014a, b,  Cho  etal  2010). 
Since  NR4A1  exhibits  pro-oncogenic  activity,  we  have  been 
focused  on  the  identification  of  C-DIMs  that  inactivate 
NR4A1.  The  p-hydroxyphenyl  analog  (DIM-C-pPhOH)  was 
characterized  as  a  compound  that  inactivated  nuclear 
NR4A1  in  cancer  cell  lines  but  this  was  not  accompanied 
by  nuclear  export  of  NR4A1  (Lee  etal  2010,  2012,  2014a). 
Subsequent  studies  comparing  the  effects  of  DIM-C-pPhOH 
and  knockdown  of  NR4A1  (siNR4Al)  by  RNAi  identified 
three  major  pro-oncogenic  pathways  and  associated  genes 
regulated  by  NR4A1  that  were  inhibited  by  DIM-C-pPhOH: 

i)  NR4A1  regulates  expression  of  genes  such  as  survivin 
through  interactions  with  specificity  protein  1  (Spl)  bound 
to  their  proximal  GC-rich  promoters  (Lee  et  al  2010); 

ii)  NR4A1  inactivates  p53  to  enhance  mTOR  signaling  in 
lung  and  colon  cancer  cells  expressing  WT  p53  (Lee  et  al 
2012,  2014b);  and  iii)  NR4A1  regulates  expression  of 
thioredoxin  domain-containing  5  (TXNDC5)  and  isoci¬ 
trate  dehydrogenase  1  (IDH1)  to  maintain  low  levels  of 
oxidative  stress  (Lee  etal  2014a;  Fig.  1A). 

Recent  studies  show  that  NR4A1  is  overexpressed  in 
ER-positive  and  ER-negative  breast  tumors  (Muscat  et  al 
2013).  NR4A1  expression  in  breast  tumors  is  correlated 
with  decreased  relapse-free  survival  (Zhou  et  al  2014). 
Results  of  NR4A1  overexpression  in  breast  cancer  cells 
suggest  that  NR4A1  may  be  anti-migratory  (Alexopoulou 
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Figure  1 

NR4A1  -regulated  pathways  and  effects  of  NR4A1  knockdown  on  breast 
cancer  cell  proliferation.  (A)  NR4A1 -regulated  pathways/genes  that  can  be 
targeted  by  C-DIM/NR4A1  antagonists.  (B)  Cells  were  transfected  with  two 
siNR4A1  oligonucleotides  (1  and  2)  and  cell  numbers  were  determined 
after  72  h.  (C)  Cells  were  treated  with  different  concentrations  of 
DIM-C-pPhC02Me  for  24  h  and  the  number  of  cells  were  then  determined. 
(D)  Athymic  nude  mice  bearing  MDA-MB-231  cells  (orthotopic)  were 
administered  corn  oil  (control),  DIM-C-pPhC02Me  or  DIM-C-pPhCN 
(50  mg/kg  per  day)  by  oral  gavage  for  28  days,  and  effects  on  tumor  growth 
and  weight  were  determined  (significantly  decreased;  *P<0.01).  (E)  Cells 
were  transfected  with  siCtl  (non-specific  oligonucleotide)  or  siNR4A1  and 
then  treated  with  20  pM  DIM-C-pPhC02Me  for  24  h  and  the  number  of  cells 
were  then  counted.  The  control  (untreated)  groups  (set  at  1 00%)  in  studies 
on  the  growth  inhibitory  effects  of  C-DIMs  after  knockdown  are  cells 
transfected  with  siNR4A1  and  treated  with  DMSO.  Results  (B,  C  and  D)  are 
means  +  s.E.M.  for  at  least  three  separate  determinations  for  each  treatment 
group.  Significant  (P<0.05)  growth  inhibition  is  indicated  (*)  and  a 
significant  decrease  in  the  growth  inhibitory  effects  of  DIM-C-pPhC02Me 
after  NR4A1  knockdown  is  also  indicated  (**). 


etal  2010).  However,  a  recent  study  reported  pro-migratory 
activity  for  this  receptor  (Zhou  etal  2014).  Research  in  this 
laboratory  has  demonstrated  pro-oncogenic  functions  of 
NR4A1  in  pancreatic,  colon,  and  lung  cancer  cells.  This 
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study  investigates  the  functions  of  this  receptor  in  breast 
cancer  cells  and  the  effects  of  C-DIM/NR4A1  antagonists. 
The  results  clearly  demonstrate  the  pro-oncogenic 
functions  of  NR4A1  in  breast  cancer  and  also  demonstrate 
that  C-DIM/NR4A1  antagonists  represent  a  potential  novel 
approach  for  treating  breast  cancer  patients  that  over¬ 
express  this  orphan  receptor. 

Materials  and  methods 

Cell  lines  and  antibodies 

MCF-7,  MDA-MB-231,  and  SKBR3  human  breast  cancer  cell 
lines  were  purchased  from  American  Type  Culture  Collec¬ 
tion  (Manassas,  VA,  USA)  and  were  kept  frozen  until 
initiation  of  these  studies.  The  cells  were  received  at  low 
passage  (<  15)  and  new  frozen  stocks  were  used  every  6-8 
weeks.  The  three  cell  lines  were  authenticated  by  Biosyn¬ 
thesis  (Lewisville,  TX,  USA)  on  3rd  February  2015.  Cells 
were  maintained  at  37  °C  in  the  presence  of  5%  C02  in 
DMEM/Ham's  F-12  medium  with  10%  fetal  bovine  serum 
with  antibiotic,  p-actin  antibody  and  DMEM  were  pur¬ 
chased  from  Sigma- Aldrich.  Spl  antibody  was  purchased 
from  Millipore  (Temecula,  CA,  USA).  Caspases  7  and  8, 
sestrin  2  (SESN2),  bcl2,  CHOP,  ATF4,  IDH1,  IRE,  ATF6, 
GRP78,  and  epidermal  growth  factor  receptor  (EGFR) 
antibodies  were  purchased  from  Santa  Cruz  Biotechno¬ 
logies.  Caspase  3,  cleaved  poly  ADP  ribose  polymerase 
(c-PARP;  9541),  phospho  mTOR,  mTOR,  phospho  AMPKa, 
AMPKa,  phospho  p70S6K,  p70S6K,  phospho  S6RP,  S6RP, 
phospho  4EBP1,  4EBP1,  and  survivin  antibodies  were 
purchased  from  Cell  Signaling  Technologies  (Danvers, 
MA,  USA).  TXNDC5  antibody  was  purchased  from  Genetex 
(Irvine,  CA,  USA).  XBP-  Is  and  phospho  PERK  were  obtained 
from  Biolegend  (San  Diego,  CA,  USA).  The  Apoptotic, 
Necrotic,  and  Healthy  Cells  Quantification  Kit  was 
purchased  from  Biotium  (Hayward,  CA,  USA).  Cells  were 
visualized  under  an  EVOS  fl,  Fluorescence  microscope, 
from  Advanced  Microscopy  Group  using  a  multiband  filter 
set  for  FITC,  rhodamine,  and  DAPI.  The  C-DIM  compounds 
were  prepared  and  immunostaining  for  NR4A1  was  carried 
out  as  previously  described  (Lee  etal  2010,  2012,  2014a). 

Cell  proliferation  assay 

MCF-7,  MDA-MB-231,  and  SKBR3  breast  cancer  cells 
(1.0X  105/well)  were  plated  in  12-well  plates  and  allowed 
to  attach  for  24  h.  Cells  were  treated  with  l,l-Z?is(3/-indolyl)- 
l-(p-carboxymethylphenyl)methane  (DIM-C-pPhC02Me) 
in  DMSO  for  24  or  48  h  or  transfected  with  siNR4Al  or 
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iGL2  (control  siRNA)  in  lipofectamine  for  72  h.  Cells  were 
then  trypsinized  and  counted  using  a  Coulter  Z1  cell  counter 
and  growth  inhibition  was  determined.  Each  experiment 
was  carried  out  in  triplicate  and  results  were  expressed  as  the 
mean  +  s.E.M.  for  each  set  of  experiments.  Cells  were  also 
treated  with  C-DIMs  after  NR4A1  knockdown. 

Annexin  V  staining 

MCF-7,  MDA-MB-231,  and SKBR3  cells  (1.0X  105/well)  were 
seeded  in  two-well  Nunc  Lab-Tek  chambered  B#1.0  Bor- 
osilicate  coverglass  slides  from  Thermo  Scientific  (Waltham, 
MA,  USA)  and  were  allowed  to  attach  for  24  h.  The  medium 
was  then  changed  to  DMEM/Ham  F-12  medium  containing 
2.5%  charcoal-stripped  fetal  bovine  serum,  and  either 
DMSO  or  DIM-C-pPhC02Me  (15  pM)  was  added  for  24  h. 
For  siRNA  treatment,  cells  were  transfected  with  iGL2  or 
100  nm  siNR4Al  (1  or  2)  for  72  h.  Apoptosis  was  analyzed  by 
Apoptotic  and  Necrotic  Assay  Kit  (Biotium),  which  con¬ 
tained  FITC-Annexin  V,  ethidium  homodimer  III,  and 
Hoechst  3342.  Apoptosis,  Necrotic,  and  Healthy  Cell 
Detection  Kit  was  used  according  to  the  manufacturer's 
protocol  and  cells  were  visualized  under  an  EVOS  fl, 
fluorescence  microscope,  from  Advanced  Microscopy.  The 
proportion  of  apoptotic  cells  was  determined  by  the  amount 
of  green  fluorescence  observed  in  the  treatment  groups 
relative  and  normalized  to  the  control  group. 

Western  blot  analysis 

Breast  cancer  cells  (3.0 X  105/well)  were  seeded  in  DMEM/ 
Ham's  F-12  medium  in  six-well  plates.  Cells  were  allowed  to 
attach  for  24  h  and  treated  with  varying  concentrations  of 
DIM-C-pPhC02Me  for  24  h  or  with  100  nm  of  siNR4Al  for 
72  h.  Cells  were  lysed  with  high  salt  lysis  buffer  (with 
protease  inhibitor  cocktail)  and  quantitated  with  a  Bradford 
reagent.  Lysates  were  then  analyzed  by  SDS-PAGE  and 
transferred  onto  a  PVDF  membrane  by  wet  electroblotting. 
Membranes  were  then  incubated  with  a  primary  antibody, 
followed  by  a  secondary  antibody.  Western  blot  analysis  was 
determined  as  described  and  Immobilon  western  chemi¬ 
luminescence  substrates  (Millipore)  were  used  to  develop 
images  captured  on  a  Kodak  4000  MM  Pro  image  station 
(Molecular  Bioimaging,  Bend,  OR,  USA). 

siRNAi  assay 

Breast  cancer  cells  were  seeded  (1.2  X  105/well)  in  six-well 
plates  in  DMEM/Ham's  F-12  medium  supplemented  with 
2.5%  charcoal-stripped  fetal  bovine  serum  and  left  to 
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attach  for  24  h.  Knockdown  of  NR4A1  was  carried  out  using 
Lipofectamine  2000  reagent  according  to  the  manufac¬ 
turer's  protocol.  Small  inhibitory  RNAs  and  GL2  (non¬ 
specific  oligonucleotide)  were  prepared  and  purchased 
from  Sigma-Aldrich.  The  siRNA  complexes  used  in  the 
study  are  as  follows:  siGL2-5/-CGU  ACG  CGG  AAU  ACU 
UCG  A-3';  siNR4Al  (l)-SASI_Hs02_00333289;  siNR4Al  (2)- 
SASI_Hs01_00182072. 


Generation  and  measurement  of  reactive 
oxygen  species  (ROS) 

Cellular  ROS  levels  were  ascertained  using  the  cell 
permeable  probe  CM-H2DCFDA  (5-(and-6)-chloromethyl- 
2/7/-dichlorodihydrofluorescein  diacetate  acetyl  ester) 
from  Invitrogen.  Following  treatment  of  the  cells  for 
12  or  24  h  with  DIM-C-pPHC02Me  or  siNR4Al  for  72  h, 
cells  that  were  plated  on  a  six-well  culture  plate  were 
trypsinized,  neutralized,  then  loaded  with  10  jiM  of  probe 
for  20  min,  and  washed  once  with  serum  free  medium. 
ROS  was  then  measured  by  flow  cytometry  using  Accuri's 
C6  Flow  Cytometer  (Accuri,  Ann  Arbor,  MI,  USA). 


Triple  negative  breast  cancer  (TBNC)  orthotopic 
xenograft  model 

Female  BALB/c  nude  mice  (6-8  weeks  old)  were  obtained 
(Charles  River  Laboratory,  Wilmington,  MA,  USA)  and 
maintained  under  specific  pathogen-free  conditions, 
housed  in  isolated  vented  cages  and  allowed  to  acclimate 
for  1  week  with  a  standard  chow  diet.  The  animals  were 
housed  at  Florida  A&M  University  in  accordance  with  the 
standards  of  the  Guide  for  the  Care  and  Use  of  Laboratory 
Animals  and  the  Association  for  Assessment  and  Accredita¬ 
tion  of  Laboratory  Animal  Care  (AAALAC).  The  protocol  of 
the  animal  study  was  approved  by  the  Institutional  Animal 
Care  and  Use  Committee  (IACUC),  Florida  A&M  University, 
FL,  USA.  MDA-MB-231  cells  (1X106  cells)  were  detached, 
resuspended  in  100  jil  of  PBS  with  matrigel  (BD  Bioscience, 
Bedford,  MA,  USA),  and  implanted  subcutaneously  in  the 
mammary  fat  pad  of  mice.  When  tumors  reached  about  40- 
50  mm3  in  size,  the  animals  were  randomized  into  control 
and  treatment  groups  (six  animals  per  group)  and  mice  were 
treated  with  placebo  or  DIM-C-pPhC02Me  or  1,1  -bis(3'- 
indolyl)-l-(p-cyanophenyl)methane  (DIM-C-pPhCN) 
(50  mg/kg  per  day)  in  nano  liquid  carrier  (administered 
in  sodium  carboxymethyl  cellulose)  by  oral  gavage  every 
2nd  day  for  4  weeks.  Tumor  volumes  and  weights,  and 
body  weight  were  determined.  The  tumor  size  was 
measured  using  Vernier  calipers,  and  the  tumor  volume 


was  estimated  by  the  formula:  tumor  volume  (mm3)  =  (LX 
W2)Xl/2,  where  L  is  the  length  and  W  is  the  width  of  the 
tumor.  Tumor  lysates  were  obtained  and  analyzed  for 
protein  expression  by  western  blots. 


Statistical  analysis 

Statistical  significance  of  differences  between  the  treat¬ 
ment  groups  was  determined  by  Student's  t-test.  The 
results  are  expressed  as  means  with  error  bars  representing 
95%  CIs  for  three  experiments  for  each  group  unless 
otherwise  indicated.  A  P  value  <0.05  was  considered 
statistically  significant.  All  statistical  tests  were  two-sided. 
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Figure  2 

siNR4A1  induces  apoptosis  in  breast  cancer  cel  Is.  (A)  Cel  Is  were  transfected  with 
siNR4A1  and  whole  cell  lysates  were  analyzed  by  western  blots.  Cells  were 
transfected  with  siNR4A1  (two  oligonucleotides)  and  effects  on  Annexin  V 
staining  in  MCF-7  (B),  MDA-MB-231  (C),  and  SKBR3  (D)  cells  were  determined 
and  quantitated.  Results  (B,  C  and  D)  are  means+s.E.M.  for  at  least  three 
separate  determinations  and  significant  (P<0.05)  induction  of  Annexin  V 
staining  is  indicated  (*). 
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Results 

Inhibition  of  cell  proliferation  by  siNR4A1  and 
DIM-C-pPhC02Me 

The  orphan  nuclear  receptor  NR4A1  is  overexpressed  in 
ER-positive  and  ER-negative  breast  cancer  cells  (Muscat 
et  al.  2013).  The  role  of  this  receptor  in  regulating  breast 
cancer  cell  growth  and  survival  was  investigated  by  RNAi 
in  ER-positive  (MCF-7),  ER-negative  (MDA-MB-231),  and 
erbB2  (SKBR3)  overexpressing  breast  cancer  cell  lines.  Cells 
were  transfected  with  two  different  oligonucleotides 
against  NR4A1  (siNR4Al-l/siNR4Al-2).  This  resulted  in 
>50%  growth  inhibition  in  MCF-7  and  SKBR3  cells,  and 
35%  inhibition  of  MDA-MB-231  cell  proliferation 
(Fig.  IB).  The  C-DIM  compounds  with  a p-carboxymethyl- 
penyl  group  (DIM-C-pPhC02Me)  and  cyano  substitutent 
(DIM-C-pPhCN)  have  been  identified  as  an  NR4A1 
antagonists  (Lee  etal.  2014 b).  Figure  1C  and  Supplemental 
Figure  SI  A,  see  section  on  supplementary  data  given  at  the 
end  of  this  article  demonstrate  that  the  former  compound 
significantly  inhibits  growth  of  MCF-7,  MDA-MB-231  cells 
after  treatment  for  24  and  48  h.  IC50  values  were  20,  19, 
and  19  pM  after  treatment  of  MCF-7,  MDA-MB-231,  and 
SKBR3  cells,  respectively,  for  24  h  and  13,  19,  and  12  jiM 
after  treatment  for  48  h.  In  contrast,  treatment  of  non- 
transformed  MCF-10A  mammary  cells  with  the  high 
affinity  NR4A1  ligand  DIM-C-pPhOH  (30  pM)  for  24  or 
48  h  did  not  affect  cell  proliferation  (Supplemental  Figure 
SIB).  Moreover,  in  an  orthotopic  model  for  breast  cancer 
in  athymic  nude  mice  using  MDA-MB-231  cells  treatment 


with  50  mg/kg  per  day  and  weight  compared  to  the  corn 
oil  controls  (Fig.  ID).  In  contrast,  after  knockdown  of 
NR4A1  in  these  cells,  treatment  with  DIM-C-pPhC02Me 
resulted  in  only  minimal  growth  inhibition,  which 
confirms  a  role  for  NR4A1  in  mediating  the  growth 
inhibitory  effects  of  DIM-C-pPhC02Me  (Fig.  IE). 

siNR4A1  and  DIM-C-pPhC02Me  induce  apoptosis  and 
activate  growth  inhibitory  genes/pathways  in  breast 
cancer  cells 

NR4A1  also  regulates  pro-survival  genes  and  pathways  in 
pancreatic  and  lung  cancer  cells.  Figure  2A  results  show 
transfection  of  breast  cancer  cells  with  siNR4Al  induced 
cleavage  of  caspases  8  and  7  as  well  as  PARP  cleavage. 
Moreover,  siNR4Al  also  induced  Annexin  V  staining 
MCF-7  (Fig.  2B),  MDA-MB-231  (Fig.  2C),  and  SKBR3 
(Fig.  2D)  cells  confirming  that  NR4A1  regulated  anti- 
apoptotic  pathways  in  these  cell  lines.  Treatment  of  the 
cells  with  DIM-C-pPhC02Me  for  24  h  also  induced  cleavage 
(activation)  of  caspases  7  and  8  and  PARP  (Fig.  3A).  Similar 
results  were  observed  for  the  p-cyanophenyl  compound 
(DIM-C-pPhCN)  which  is  an  NR4A1  ligand  and  antagonist 
in  colon  cancer  cells  (Lee  et  al.  2014b;  Supplemental 
Figure  SIC).  DIM-C-pPhC02Me  also  enhanced  Annexin  V 
staining  in  MCF-7,  MDA-MB-231,  and  SKBR3  cell  lines 
(Fig.  3B).  Moreover,  DIM-C-pPhC02Me-induced  apoptosis 
(PARP  cleavage)  was  reversed  after  co-administration  with 
the  pancaspase  inhibitor  ZVAD-FMK  (Fig.  3C).  Thus,  both 
NR4A1  knockdown  and  NR4A1  antagonists  decreased 
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Figure  3 

DIM-C-pPhC02Me  induces  apoptosis  and  siNR4A1  and  DIM-C-pPhC02Me 
decrease  expression  of  selected  genes  with  GC-rich  promoters  in  breast 
cancer  cells.  (A)  Cells  were  treated  with  DIM-C-pPhC02Me  for  24  h  and 
whole  cell  lysates  were  analyzed  by  western  blots.  (B)  MCF-7,  MDA-MB-231, 
and  SKBR3  cells  were  treated  with  DIM-C-pPhC02Me  for  24  h  and  Annexin 
V  staining  was  determined  and  quantitated.  Quantitative  results  are 


means  +  s.E.M.  for  three  separate  determinations  and  significant  (P<0.05) 
induction  of  Annexin  V  is  indicated  (*).  (C)  Cells  were  treated  with  DMSO  or 
DIM-C-pPhC02Me  alone  or  in  combination  with  the  pan-caspase  inhibitor 
ZVAD-FMK,  and  PARP  cleavage  was  analyzed  by  western  blots.  Cells  were 
transfected  with  siNR4A1  (D)  or  treated  with  DIM-C-pPhC02Me  (E),  and 
whole  cell  lysates  were  analyzed  by  western  blots. 
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breast  cancer  cell  growth  and  induced  apoptosis  as  well  as 
decreased  NR4Al/Spl-regulated  genes  as  previously 
described  (Lee  et  al.  2014 b).  Figure  3D  shows  that  after 
knockdown  of  NR4A1  (siNR4Al)  in  MCF-7,  MDA-MB-231, 
and  SKBR3  cells,  there  was  a  significant  decrease  in 
expression  of  several  Spl -regulated  genes  including  EGFR, 
survivin,  and  bcl-2.  However,  Spl  protein  levels  were 
unchanged.  Similar  results  were  observed  in  the  same  cell 
lines  after  treatment  with  the  NR4A1  antagonists  DIM-C- 
pPhC02Me  (Fig.  3D)  and  DIM-C-pPhCN  (Supplemental 
Figure  SID). 


siNR4A1  and  DIM-C-pPhC02Me  induce  ROS  and 
endoplasmic  reticulum  stress 

It  was  recently  reported  that  NR4A1  regulates  expression 
of  genes  such  as  IDH1  and  TXNDC5  that  maintain  high 
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Figure  4 

NR4A1  knockdown  induces  ROS  and  cellular  stress.  (A)  Cells  were 
transfected  with  siNR4A1  or  siCtl  and  ROS  was  determined.  Cells  were 
transfected  with  siNR4A1  and  whole  cell  lysates  were  analyzed  by  western 
blots  for  IDH1  or  TXNDC5  (B)  and  ER  stress  gene  products  (C).  Results  in  (A) 
are  means  +  s.E.M.  for  three  separate  determinations  and  significant 
(P< 0.05)  induction  of  ROS  is  indicated  (*). 


levels  of  reducing  equivalents  and  minimize  ROS- 
mediated  cellular  stress  (Lee  et  al.  2014 a,b).  Knockdown 
of  NR4A1  by  RNAi  induced  ROS  by  two-  to  fourfold  in 
MCF-7,  MDA-MB-231,  and  SKBR3  cells  (Fig.  4A).  This  was 
accompanied  by  decreased  expression  of  both  TXNDC5 
and  IDH1  in  these  cell  lines  (Fig.  4B).  Moreover,  after 
transfection  with  siNR4Al,  we  also  observed  enhanced 
markers  of  endoplasmic  reticulum  (ER)  stress  including 
increased  phosphorylation  of  PERK  and  increased 
expression  of  ATF-4,  CHOP,  GRP78,  IRE1,  ATF6,  and 
spliced  XBP-1  (XBP-ls)  in  the  breast  cancer  cell  lines 
(Fig.  4C).  Treatment  of  MCF-7,  MDA-MB-231,  and  SKBR3 
cells  with  the  NR4A1  antagonist  DIM-C-pPhC02Me  also 
increased  ROS  after  12  and  24  h  (Fig.  5 A,  B  and  C).  This  was 
also  accompanied  by  decreased  expression  of  TXNDC5 
and  IDH1  (Fig.  5D)  as  well  as  induction  of  markers  of  ER 
stress  (p-PERK,  ATF4,  CHOP,  ATF6,  IRE1,  GRP78,  and 
XBP-ls;  Fig.  5E),  as  previously  observed  in  pancreatic 
cancer  cells  (Lee  etal.  2014a).  The  role  of  ROS  in  mediating 
the  effects  of  DIM-C-pPhC02Me  on  activation  of  stress 
gene  products  was  investigated  in  MCF-7,  SKBR3,  and 
MDA-MB-231  cells  by  cotreatment  with  the  antioxidant 
GSH  which  reversed  induction  of  the  stress  genes  by 
the  C-DIM/NR4A1  antagonist  (Fig.  5F).  We  also  observed 
that  the  NR4A1  antagonist  DIM-C-pPhCN  decreased 
expression  of  IDH1  and  TXNDC5  in  breast  cancer  cells 
(Supplemental  Figure  S1E).  In  addition,  western  blot 
analysis  of  tumor  lysate  from  control  and  DIM-C-pPhC02_ 
Me-treated  mice  confirmed  that  DIM-C-pPhC02Me  sig¬ 
nificantly  induced  PARP  cleavage,  decreased  expression  of 
Sp-regulated  survivin,  EGFR  and  bcl2  gene  products  and 
also  decreased  levels  of  TXNDC5  and  IDH1  (Supplemental 
Figure  S2A  and  B,  see  section  on  supplementary  data  given 
at  the  end  of  this  article). 


siNR4A1  and  DIM-C-pPhC02Me  inhibit  mTOR  signaling 

Transfection  of  p53-positive  MCF-7  cells  with  siNR4Al 
(Fig.  6A)  or  treatment  with  DIM-C-pPhC02Me  (Fig.  6B) 
induced  SESN2,  activated  AMPKa  (phosphorylation),  and 
decreased  phosphorylation  of  mTOR  and  mTOR  down¬ 
stream  genes.  Similar  results  were  observed  for  DIM-C- 
pPhCN  (Supplemental  Figure  S1F).  These  results  are 
consistent  with  previous  studies  in  lung  cancer  cell  lines 
where  inactivation  of  NR4A1  activated  p5 3-dependent 
activation  of  SESN2  which  in  turn  activated  AMPKa  (Lee 
et  al.  2012).  Surprisingly,  we  also  observed  that  transfec¬ 
tion  of  p53-mutant  MDA-MB-231  and  SKBR3  cells  with 
siNR4Al  induced  SESN2,  activated  AMPKa,  and  inhibited 
mTOR  signaling  (Fig.  6C).  Similar  results  were  observed 
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Figure  5 

DIM-C-pPhC02Me  induces  ROS  and  stress.  MCF-7  (A),  MDA-MB-231  (B),  and 
SKBR3  (C)  cells  were  treated  with  DIM-C-pPhC02Me  and  ROS  was 
determined  after  12  or  24  h.  Cells  were  treated  with  DIM-C-pPhC02Me  and 
whole  cell  lysates  were  analyzed  by  western  blots  for  expression  of  TXNDC5 
(D),  IDH1  (D),  and  stress  gene  products  (E).  (F)  Cells  were  treated  with 


after  treatment  with  DIM-C-pPhC02Me.  We  also  recently 
observed  similar  results  in  a  p53-mutant  renal  adenocarci¬ 
noma  cell  line  (Hedrick  et  al.  2015)  which  showed  that 
induction  of  SESN2  was  ROS-dependent.  This  was  consist¬ 
ent  with  previous  reports  showing  that  SESN2  was  an 
oxygen-sensing  gene  (Budanov  et  al.  2002).  Figure  6D 
shows  that  induction  of  SESN2  and  activation  of  AMPKa 
in  MDA-MB-231  and  SKBR3  cells  after  treatment  with 
DIM-C-pPhC02Me  was  inhibited  after  cotreatment  with 
GSH.  These  data  are  consistent  with  the  induction  of  ROS 
in  these  cell  lines  after  transfection  with  siNR4Al  (Fig.  4A) 
or  treatment  with  DIM-C-pPhC02Me  (Fig.  5 A,  B  and  C). 
Thus,  results  of  this  study  demonstrate  that  NR4A1 
regulates  multiple  pro-oncogenic  pathways  in  breast 
cancer  cells.  Immunostaining  for  NR4A1  demonstrates 
that  the  receptor  is  nuclear  and  remains  in  the  nucleus 
after  treatment  with  an  antagonist  (Supplemental  Figure 
S3,  see  section  on  supplementary  data  given  at  the  end  of 
this  article).  Thus,  C-DIM/NR4A1  antagonists  inhibit 
multiple  nuclear  NR4Al-mediated  genes/pathways 
(Fig.  1A)  and  represent  a  new  class  of  mechanism-based 
drugs  for  breast  cancer  chemotherapy. 
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DMSO,  DIM-C-pPhC02Me  alone  or  in  combination  with  GSH,  and  whole 
cell  lysates  were  analyzed  for  stress  gene  products  by  western  blots.  Results 
(A)  are  expressed  as  means  +  s.E.M.  for  three  separate  determinations  and 
significant  (P<0.05)  induction  of  ROS  is  indicated  (*). 


Discussion 

NR4A1  exhibits  pro-oncogenic  activity  in  cancer  cell  lines 
derived  from  solid  tumors  and  is  overexpressed  in  tumors 
from  lung,  pancreatic,  and  colon  cancer  patients 
(Chintharlapalli  et  al.  2005,  Cho  et  al.  2010,  Fee  et  al. 
2010,  2012,  2014a,  Wu  et  al.  2011).  Moreover,  in  lung 
cancer  patients,  high  expression  of  NR4A1  is  a  prognostic 
indicator  for  decreased  survival  (Fee  et  al.  2012).  Similar 
results  were  recently  reported  for  the  expression  and 
prognostic  activity  of  NR4A1  in  breast  cancer  patients. 
It  was  also  observed  that  NR4A1  was  one  of  only  a  few 
nuclear  receptors  overexpressed  in  patients  with  both 
ER-positive  and  ER-negative  breast  tumors  (Muscat  et  al. 
2013,  Zhou  etal.  2014).  Since  an  early  report  indicated  that 
NR4A1  is  more  highly  expressed  in  early-  vs  late-stage 
aggressive  breast  tumors  and  exhibited  some  tumor 
suppressor-like  activity  (Alexopoulou  et  al.  2010),  we 
investigated  the  function  of  NR4A1  in  three  different 
breast  cancer  cell  lines  by  RNAi  and  treatment  with  NR4A1 
antagonists.  We  have  recently  demonstrated  that  several 
C-DIMs  including  the  p-hydroxy,  carbomethoxy,  cyano, 
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Figure  6 

NR4A1  knockdown  and  DIMC-C-pPhC02Me  inhibit  mTOR.  MCF-7  cells  were 
transfected  with  siNR4A1  (A)  or  treated  with  DIM-C-pPhC02Me  (B)  and 
whole  cell  lysates  were  analyzed  by  western  blots  for  mTOR  pathway  gene 
products.  (C)  MDA-MB-231  and  SKBR3  cells  were  transfected  with  siNR4A1 
or  treated  with  DIM-C-pPhC02Me,  and  whole  cell  lysates  were  analyzed  for 
mTOR  pathway  genes  by  western  blots.  (D)  MDA-MB-231  and  SKBR3  cells 
were  treated  with  DMSO,  DIM-C-pPhC02Me  alone  or  in  combination  with 
GSH  and,  after  24  h  whole  cell  lysates  were  analyzed  by  western  blots  for 
sestrin  2  and  AMPKa. 


and  bromophenyl  analogs  directly  bind  the  ligand 
binding  domain  of  NR4A1  and  exhibit  NR4A1  antagonist 
activity  in  colon  cancer  cells  (Lee  et  al.  2014 b). 
The  p-carbomethyoxyphenyl  analog  (DIM-C-pPhC02Me) 
and  to  a  lesser  extent  DIM-C-pPhCN  were  used  as 
prototypical  C-DIMs/NR4Al  antagonists  for  investigating 
the  anticancer  activities  of  NR4A1  antagonists  in 
breast  cancer  cells  with  a  focus  on  inhibition  of  three 
previously  identified  pro-oncogenic  NR4Al-regulated 
pathways  (Fig.  1A). 

Initial  studies  investigated  the  role  of  NR4A1  in  the 
growth  of  three  prototypical  breast  cancer  cell  lines 
(ER-positive  MCF-7,  erbB2  overexpressing  SKBR3,  and 
triple  negative  MDA-MB-231  cells).  Knockdown  of 
NR4A1  using  two  different  oligonucleotides  significantly 


decreased  proliferation  of  all  three  breast  cancer  cell  lines 
and  similar  growth  inhibitory  effects  were  observed  for 
DIM-C-pPhC02Me  (Fig.  IB  and  C).  Moreover,  after  knock¬ 
down  of  NR4A1  in  MCF-7,  MDA-MB-231,  and  SKBR3  cells, 
treatment  with  DIM-C-pPhC02Me  had  minimal  effects 
(Fig.  ID),  suggesting  that  the  growth  inhibitory  effects  of 
DIM-C-pPhC02Me  were  primarily  NR4A1  -dependent. 
The  effects  of  NR4A1  knockdown  or  treatment  with 
DIM-C-pPhC02Me  on  several  markers  of  apoptosis, 
including  cleavage  of  caspases  7  and  8  and  PARP  as  well 
as  induction  of  Annexin  V  staining,  were  also  determined 
in  the  breast  cancer  cell  lines  (Figs  2  and  3).  These  results 
demonstrate  that  NR4A1  regulates  pathways  that  contrib¬ 
ute  to  the  growth  and  survival  of  breast  cancer  cell. 
This  parallels  the  functions  previously  observed  for  this 
receptor  in  pancreatic,  lung,  and  colon  cancer  cells 
(Lee  etal  2010,  2012,  2014a, b). 

NR4A1  binds  and  inactivates  p53  (Zhao  et  al.  2006), 
whereas  knockdown  of  NR4A1  or  treatment  of  p53  WT 
lung  cancer  cells  with  an  NR4A1  antagonist  or  transfection 
with  siNR4Al  results  in  activation  of  p53  and  induction  of 
SESN2  which  activates  AMPKa  and  inhibits  the  mTOR 
pathway  (Lee  et  al.  2012).  mTOR  pathway  inhibitors  have 
been  extensively  developed  for  cancer  chemotherapy 
(Baselga  et  al  2012,  Ciruelos  Gil  2014).  C-DIM/NR4A1 
antagonists  represent  a  new  class  of  mTOR  inhibitors 
which  block  NR4A1 -regulated  mTOR  activation  in  cancer 
cells  expressing  WT  p53  (Lee  etal.  2012).  Results  illustrated 
in  Fig.  6 A  and  B  show  that  both  siNR4Al  and  DIM- 
C-pPhC02Me  inhibited  mTOR  pathway  in  MCF-7  breast 
cancer  cells  that  express  WT  p53.  In  p53  WT  lung  cancer 
cells,  siNR4Al  and  NR4A1  antagonists  also  induced  SESN2 
which  activates  AMPKa  and  inhibits  mTOR,  whereas  this 
is  not  observed  in  lung  cancer  cells  expressing  mutant  p53 
(Lee  et  al.  2012).  Interestingly,  DIM-C-pPhC02Me  and 
siNR4Al  also  induced  SESN2  and  inhibited  mTOR  in  p53 
mutant  SKBR3  and  MDA-MB-231  cells  (Fig.  6C).  The 
DIM-C-pPhC02Me-mediated  induction  of  SESN2  and 
activation  of  AMPKa  were  reversed  after  cotreatment 
with  GSH  (Fig.  6D).  These  results  are  consistent  with 
induction  of  ROS  by  DIM-C-pPhC02Me  (Fig.  5A,  B  and  C) 
and  the  fact  that  SESN2  is  an  oxygen-sensing  gene  that  is 
induced  by  ROS  (Budanov  et  al.  2002). 

Like  other  nuclear  receptors,  NR4A1  interacts  with  the 
Spl  transcription  factor  bound  to  GC-rich  sites  to  activate 
survivin  and  other  anti-apoptotic/growth  promoting 
genes.  siNR4Al  or  treatment  with  a  NR4A1  antagonist 
decreases  expression  of  these  genes  (Liu  &  Simpson  1999, 
Pipaon  et  al.  1999,  Suzuki  et  al.  1999,  Lu  et  al.  2000, 
Shimada  etal.  2001,  Sugawara  etal.  2002).  Figure  3C  and  D 
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show  that  siNR4Al  or  treatment  with  DIM-C-pPhC02Me 
decreased  expression  of  survivin,  bcl2  and  EGFR  in  MDA- 
MB-231,  MCF-7,  and  SKBR3  cells.  However,  Sp  protein 
levels  were  unchanged.  Molecular  analysis  of  NR4A1- 
dependent  regulation  of  survivin  showed  that  in  pancrea¬ 
tic  cancer  cells,  NR4A1  and  p300  cooperatively  activated 
survivin  expression  by  interacting  with  Spl  bound  to  the 
proximal  GC-rich  region  of  the  survivin  promoter  (Fee 
etal.  2010).  Regulation  of  growth-promoting  and  survival 
genes  which  contain  GC-rich  promoters  by  NR4A1  is 
consistent  with  the  growth  inhibitory  and  apoptotic 
effects  of  siNR4Al  and  C-DIM/NR4A1  antagonists  on 
breast  cancer  cells  and  tumors.  It  is  comparable  to  that 
observed  in  lung,  colon  and  pancreatic  cancer  cell  lines 
(Fee  etal  2010,  2012,  2014a, b). 

A  recent  study  showed  that  NR4A1  maintains  low 
levels  of  oxidative  and  ER  stress  in  pancreatic  cancer  cells 
by  regulating  expression  of  TXNDC5  and  IDH1  which 
maintain  cellular  levels  of  reducing  equivalents  (Fee 
et  al  2014a).  DIM-C-pPhC02Me  or  siNR4Al  decreased 
expression  of  TXNDC5  and  IDH1  in  breast  tumors  (in  vivo; 
Supplemental  Figure  S2)  and  in  MCF-7,  MDA-MB-231,  and 
SKBR3  cells.  This  was  accompanied  by  increased  levels  of 
ROS  and  induction  of  markers  of  ER  stress  (Figs  4  and  5). 
These  results  are  consistent  with  previous  studies  in 
pancreatic  cancer  cells.  There  is  also  emerging  evidence 
that  both  TXNDC5  and  IDH1  are  overexpressed  in  breast 
cancer  cells  and  tumors  (Xu  etal.  2010,  Chang  etal.  2013). 
Their  expression  and  functions  in  breast  cancer  cells  are 
currently  being  investigated. 

In  summary,  results  of  this  study  are  consistent  with 
a  pro-oncogenic  role  for  NR4A1  in  breast  cancer  as  an 
important  regulator  of  cell  growth  and  survival.  NR4A1- 
regulated  pro-oncogenic  pathways  and  genes  are  similar  to 
those  observed  in  pancreatic,  lung,  and  colon  cancer  cells 
and  tumors  (Fee  etal.  2010,  2012,  2014a, b).  This  study  also 
demonstrated  the  effectiveness  of  the  NR4A1  antagonists 
DIM-C-pPhC02Me  and  DIM-C-pPhCN  as  inhibitors  of 
breast  cancer  cell  and  tumor  growth  as  well  as  survival. 
Current  structure-activity  studies  are  focused  on  identify¬ 
ing  the  most  effective  C-DIM/NR4A1  antagonists  for 
future  clinical  applications  in  breast  cancer  chemo¬ 
therapy,  including  the  inhibition  of  breast  invasion 
(Zhou  et  al.  2014)  through  inhibition  of  nuclear  NR4A1 
by  receptor  antagonists. 
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This  is  linked  to  the  online  version  of  the  paper  at  http://dx.doi.org/10-1 530/ 
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ESC8-SLN  (10  mg/kg) 
+  Cisplatin  (2  mg/kg) 


ABSTRACT:  Breast  cancer  is  the  leading  cause  of  malignancies  among  women  globally.  The  triple  negative  breast  cancer 
(TNBC)  subtype  is  the  most  difficult  to  treat  and  accounts  for  15%  of  all  cases.  Targeted  therapies  have  been  developed  for 
TNBC  but  come  short  of  clinical  translation  due  to  acquired  tumor  resistance.  An  effective  therapy  against  TNBC  must  combine 
properties  of  target  specificity,  efficient  tumor  killing,  and  translational  relevance.  The  objective  of  this  study  was  to  formulate  a 
nontoxic,  cationic,  lipid-conjugated  estrogenic  derivative  (ESC8),  with  demonstrated  anticancer  activity,  for  oral  delivery  in  mice 
bearing  triple  negative  breast  cancer  (TNBC)  as  xenograft  tumors.  The  in  vitro  cell  viability,  Caco-2  permeability,  and  cell  cycle 
dynamics  of  ESC8-treated  TNBC  cells  were  investigated.  ESC8  was  formulated  as  liposomes,  solid  lipid  nanoparticles  (SLNs), 
and  nanostructured  lipid  carriers  (NLCs)  and  characterized  for  size,  zeta  potential,  entrapment  efficiency,  size  stability,  and 
tumor  biodistribution.  Pharmacokinetic  modeling  of  plasma  concentration— time  course  data  was  carried  out  following 
intravenous  and  oral  administration  in  Sprague— Dawley  rats.  In  vivo  efficacy  investigation  of  ESC8-SLNC  was  carried  out  in  Nu/ 
Nu  mice  bearing  MDA-MB-231  TNBC  as  xenograft  tumors,  and  the  molecular  dynamics  modulating  tumor  growth  inhibition 
was  analyzed  by  Western  blot.  In  vitro  ESC8  inhibited  TNBC  and  non-TNBC  cell  viability  with  IC50  ranging  from  1.81  to  3.33 
fiM.  ESC8  was  superior  to  tamoxifen  and  Cisplatin  in  inhibiting  MDA-MB-231  cell  viability;  and  at  2.0  fiM  ESC8  enhanced 
Cisplatin  cytotoxicity  16-fold.  Intravenous  ESC8  (2.0  mg/kg)  was  eliminated  at  a  rate  of  0.048  ±  0.01  h-1  with  a  half-life  of  14.63 
±  2.95  h  in  rats.  ESC8  was  orally  bioavailable  (47.03%)  as  solid  lipid  nanoparticles  (ESC8-SLN).  ESC8-SLN  (10  mg/kg/day, 
X14  days,  p.o.)  inhibited  breast  tumor  growth  by  74%  (P  <  0.0001  vs  control)  in  mice  bearing  MDA-MB-231  cells  as  xenografts; 
and  when  given  in  combination  with  Cisplatin  (2.0  mg/kg/biweekly,  X2  weeks,  IV),  tumor  growth  was  inhibited  by  87%  (P  = 
0.0002,  vs  ESC8-SLN;  10  mg/kg/day,  Xl4  days,  p.o).  ESC8-SLN  tumor  growth  inhibition  was  associated  with  increased 
expression  of  p21  and  Caspase-9;  as  well  as  by  inhibition  of  EGFR,  Slug,  p-Aktl,  Vimentin,  NFk/?,  and  IKKy.  These  results  show 
the  promise  of  ESC8  as  an  oral  adjuvant  or  neoadjuvant  against  triple  negative  breast  cancer. 

KEYWORDS:  estradiol  lipid  nanocarriers ,  triple-negative  breast  cancer,  pharmacokinetics,  oral  bioavailability 


1.  INTRODUCTION 

Breast  cancer  accounts  for  the  highest  malignancy  among 
women  worldwide  and  has  an  annual  incidence  and  mortality  of 
1,300,000  and  450,000,  respectively.1'2  In  the  United  States,  it  is 
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estimated  that  235,030  new  breast  cancer  cases  will  be  recorded 
with  40,430  deaths  by  the  end  of  20 14.3  Current  approved 
treatments  for  breast  cancer  include  surgery,  radiation, 
hormone,  cytotoxic,  and  targeted  therapies.4  However,  despite 
advances  in  diagnosis  and  treatment  protocols  the  relative 
survival  for  distant/metastasized  breast  cancer  is  about  24%. 

Expression  of  the  estrogen  receptor  (ER),  progesterone 
receptor  (PR),  or  human  epidermal  growth  factor  receptor  2 
(HER2)  in  breast  cancers  presents  as  useful  targets  for  many 
anticancer  therapy.  To  this  end,  various  cytotoxics  or 
combinations  thereof  have  been  approved  by  the  Food  and 
Drugs  Administration  (FDA).5-7  However,  serious  adverse 
effects  and  acquired  tumor  resistance  to  these  cytotoxics 
mitigate  their  clinical  usefulness.8  Additionally,  the  negative  ER, 
PR,  and  HER2  status  of  triple  negative  breast  cancer  (TNBC) 
preclude  the  therapeutic  effectiveness  of  many  hormone 
therapies  such  as  aromatase  inhibitors  (e.g.anastrozole), 
selective  ER  modulators  (e.g.,  Tamoxifen),  and  inhibitors  of 
HER2  (e.g.,  Trastuzumab).9,  0  This  is  further  complicated  by 
our  appreciation  of  tumor  hierarchies  as  promulgated  by  the 
cancer  stem  cell  paradigm.  This  theory  recognizes  the 
heterogeneity  of  a  tumor  population  as  consisting  of  distinct 
individual  tumor  cells  or  tumor  clusters2,11  and  ascribes  the 
tumor  resistance  to  a  subpopulation  of  tumor  cells  or  cancer 
stem  cells  (CSCs).5  These  CSCs  exhibit  features  of  self-renewal 
and  the  ability  to  differentiate  into  other  cancer  cells,  and  are 
implicated  in  promoting  the  phenotypes  of  tumor  resist¬ 
ance.8,12,13  Consequently,  many  therapies  fail  to  eradicate  these 
subpopulations  resulting  in  the  high  rate  of  recurrence  in  breast 

8,13 

cancer. 

Studies  have  shown  the  merit  of  combination  therapy  for 
treatment  of  triple-negative  breast  cancer  (TNBC).9,14,15 
However,  CSCs  constrain  the  effectiveness  of  chemotherapy 
via  acquisition  of  developmental  resistance  phenotypes.8,12,16 
Thus,  for  effective  therapeutic  outcome  adjuvant  and/or 
neoadjuvant  chemotherapies  (NACTs)  must  possess  expansive 
therapeutic  potency  against  the  different  niches  within  a  tumor 
population.  We  synthesized  a  cationic,  lipid-conjugated 
estradiol  derivative  (ESC8)  with  tumor  cell-killing  properties 
in  breast  cancer  regardless  of  ER,  PR,  and  HER2  status.17  ESC8 
inhibited  TNBC  cell  viability  by  induction  of  apoptosis  and 
autophagy.17  Apoptosis  was  induced  via  the  intrinsic  pathway 
by  inhibition  of  Bcl2  resulting  in  mitochondrial  release  of 
cytochrome  C  and  activation  of  the  caspase  cascade.  Autophagy 
was  mediated  by  Atg5-dependent  activation  of  LC3B-II  as  well 
as  by  inhibition  of  PI3K-Akt-mTOR  signaling.17  Translational 
relevance  of  ESC8-mediated  apoptosis  and  autophagy  in  TNBC 
was  demonstrated  in  a  mouse  xenograft  tumor  model  by 
intraperitoneal  administration  of  ESC8  (10  m^/kg)  with 
significant  tumor  growth  inhibition  and  regression. 

The  demand  for  oral  anticancer  drugs  is  high  especially 
among  patients,  chiefly  as  a  means  of  convenience.18  For  many 
anticancer  agents  that  are  taken  daily,  the  benefit  of 
convenience  must  be  balanced  with  safety  and  efficacy  of  the 
therapy.  ESC8  was  well  tolerated  in  noncancer  cells  and, 
inferring  from  its  core  steroidal  structure,  which  is  akin  to 
cholesterol,  demonstrated  a  disposition  toward  self-assembly 
into  nanoparticles  in  aqueous  media.17  The  primary  aim  of  this 
study,  therefore,  was  to  prepare  ESC 8  formulation  for  oral 
delivery  to  treat  TNBC  in  a  mice  xenograft  model.  We 
hypothesized  that  ESC8  lipid  nanocarrier  formulations  would 
be  orally  bioavailable,  inhibit  tumor  growth,  and  enhance 
platinum-based  chemotherapy  in  a  mouse  tumor  model  of 


TNBC.  The  aims  of  this  study  were  to  (i)  investigate  ESC8 
anticancer  activity  in  TNBC  and  non-TNBC  cells  as  a  single  or 
combination  treatment,  (ii)  prepare,  characterize,  and  optimize 
ESC8  lipid  nanocarriers  (liposomes,  solid  lipid  nanoparticles, 
and  nanostructured  lipid  carriers)  for  oral  delivery,  (iii) 
investigate  the  pharmacokinetic  properties  of  ESC8  nano¬ 
particles  in  rats,  (iv)  investigate  the  antitumor  activity  of  ESC8 
lipid  nanocarriers  in  a  mouse-model  of  TNBC,  and  (v) 
determine  the  molecular  mechanisms  mediating  the  antitumor 
activities  of  ESC8  lipid  nanocarriers. 

2.  MATERIALS  AND  METHODS 

2.1 .  Reagents.  l,2-Dioleoyl-sn-glycero-3-phosphocholine 
(DOPC),  l,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE),  and  l,2-distearoyl-sn-glycero-3-phosphoethanol- 
amine-N-[maleimide (polyethylene  glycol) -2000]  (ammonium 
salt)  (DSPE-PEG(2000)  Maleimide)  were  purchased  from 
Avanti  Polar  Lipids  (Alabaster,  AL).  Geleolmono,  diglycerides, 
and  compritol  888  were  obtained  from  Gattefosse  (Paramus, 
Nj),  and  d- alpha  tocopheryl  polyethylene  glycol  1000  succinate 
(vitamin  E-TPGS)  was  procured  from  Antares  Health  Products 
(Simpsonville,  SC).  EGFR,  Slug,  p21,  phospho-Aktl,  Vimentin, 
NFk /?,  and  IKKy  primary  antibodies  were  purchased  from  Cell 
Signaling  Technology  (Danvers,  MA);  /Tactin  primary  anti¬ 
body,  antimouse,  and  antirabbit  secondary  antibodies  were 
obtained  from  Santa  Cruz  Biotechnology  (Dallas,  TX).  ESC8 
was  synthesized  in  large  quantities  according  to  the  previously 
published  protocol.17  All  other  chemicals  and  reagents  used 
were  of  cell  culture  or  reagent  grade. 

2.2.  Cell  Lines.  MDA-MB-231  (HTB-26),  MDA-MB-468 
(HTB-132),  BT-474  (HTB-20),  and  SIC-BR-3  (HTB-30)  were 
procured  from  the  American  Type  Cell  Culture  (Manassas, 
VA).  MDA-MB-231  and  MDA-MB-468  cells  were  maintained 
in  DMEM:F12  ( 1 : 1 ),  BT-474  in  RPMI  1640  media,  and  SK- 
BR-3  in  McCoy's  5a  media.  All  media  were  fortified  with  10% 
v/v  fetal  bovine  serum  (FBS)  and  2%  v/v  penicillin- 
streptomycin— neomycin  cocktail  (PSN).  All  cell  lines  were 
maintained  at  37  °C  under  an  atmosphere  of  air  (95%)  and 
carbon  dioxide  (5%). 

2.3.  Synthesis  and  Characterization  of  ESC8.  Estrone 
and  all  the  chemicals  and  organic  solvents  required  for  synthesis 
were  purchased  from  either  Aldrich  (Milwaukee,  Wl)  or  SD 
Fine  Chem  (Mumbai,  India).  They  were  used  without  further 
purification.  ESC8  was  synthesized  from  estrone  in  large 
quantities  according  to  the  previously  published  protocol.17  All 
the  XH  NMR  spectra  were  recorded  in  CDC13  and  mixture  of 
CDC13  and  CD3OD  on  a  Bruker  FT  300  MHz  instrument  with 
residual  undeuterated  solvent  as  an  internal  reference.  Chemical 
shifts,  8  (ppm);  coupling  constants  /  (Hz);  multiplicity,  (s) 
singlet,  (d)  doublet,  (t)  triplet,  (q)  quartet,  (m)  multiplet;  and 
integration  were  reported.  HPLC  chromatogram  for  ESC8  was 
obtained  on  a  Varian  Prostar  Instrument  with  100%  methanol 
as  mobile  phase  and  UV  wavelength  of  210  nm. 

2.4.  Breast  Cancer  Cell  Viability  Assay.  Two  TNBC  cells 
(MDA-MB-231  and  MDA-MB-468)  and  two  non-TNBC  cells 
(BT-474  and  SK-BR-3)  were  used  for  cell  viability  studies.  Cells 
were  cultured  to  about  80%  confluency  in  T-75  culture  flasks 
and  detached  with  trypsin  (0.25%)-EDTA  (0.53  mM).  Cells 
were  resuspended  (l  X  10s  cells/mL)  in  regular  growth  media 
and  seeded  in  a  96-well  plate  format  (0.1  mL/well).  Following 
16—18  h  recovery  at  37  °C,  treatment  was  done  with  DMSO  or 
different  concentrations  of  ESC8  in  a  0.2  mL  volume 
experimental  media  per  well.  Plates  were  incubated  for  72  h 
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and  cell  viability  assayed  by  the  crystal  violet  method.19 
Absorbance  was  taken  at  540  nm  and  data  presented  as  cell 
viability  (%  of  DMSO)  against  concentration  (//M).  The  IC50 
of  ESC 8  was  estimated  by  linear  regression  analysis,  and  results 
are  presented  as  mean  IC50  ±  SD.  Experiments  were  done  in 
triplicates  and  repeated  three  times.  The  procedure  was 
repeated  for  investigating  the  anticancer  efficacy  of  ESC8  (25 
fiM)  formulated  as  lipid  nanocarriers  against  MDA-MB-231 
cells  and  compared  with  ESC8  in  DMSO. 

2.5.  In  Vitro  Combination  Study  in  Triple-Negative 
Breast  Cancer  Cells.  Cells  were  treated  with  different 
concentrations  of  ESC8  alone  or  in  combination  with 
Tamoxifen  or  Cisplatin  in  a  0.2  mL  volume  per  well.  Plates 
were  incubated  for  72  h  and  cell  viability  determined  by  the 
crystal  violet  dye  method.19  Absorbance  was  taken  at  540  nm 
and  data  presented  as  cell  viability  (%  of  DMSO)  against 
logarithm  (base  10)  of  concentration.  The  IC50  of  ESC8  alone 
and  in  combination  was  estimated  by  linear  regression  analysis 
and  the  interaction  of  ESC 8  in  combination  with  Cisplatin  or 
Tamoxifen  analyzed  by  combination  index  (Cl)  method.19 
Results  are  presented  as  mean  IC50  ±  SD.  Combination  index 
was  determined  using  the  following  formula: 

CI  =  (DJDxJ  +  (Dh/Dxh)  +  [a(DaDb)/(D*aD*b)] 

where  Dxa  =  dose  of  drug  A  to  produce  50%  cell  kill  alone;  Da  = 
dose  of  drug  A  to  produce  50%  cell  kill  in  combination  with 
drug  B;  Dxh  =  dose  of  drug  B  to  produce  50%  cell  kill  alone;  Db 
=  dose  of  drug  B  to  produce  50%  cell  kill  in  combination  with 
drug  A;  a  =  0  for  mutually  exclusive  or  1  for  mutually 
nonexclusive  modes  of  drug  action.  CI  >  1  denotes  antagonism; 
CI  =  1,  additive  effect;  and  CI  <  1  connotes  synergism. 

2.6.  Fluorescence  Activated  Cell  Sorting  (FACS) 
Analysis  of  Cell  Cycle  Dynamics.  Cell  were  seeded  in  T- 
75  flasks  (3  X  103  cell)  in  base  DMEM:F12  media  supplement 
with  FBS  (10%  v/v)  and  PSN  (2%  v/v)  and  incubated  for  16— 
18  h.  Cells  were  treated  with  DMSO,  ESC8  (l  or  2  fiM), 
Cisplatin  (5  fiM),  and  ESC8  (l  or  2  piM)  +  Cisplatin  (5  fiM) 
for  24  h.  Cells  were  detached  with  trypsin/EDTA,  washed  2X 
with  PBS,  fixed  in  ethanol  (200  proof),  and  stored  at  —20  °C 
until  use.  The  fixed  cells  were  pelleted  and  ethanol  discarded 
followed  by  washing  with  PBS  2X.  Cells  were  passed  through  a 
27  gauge  needle  3X  and  reconstituted  in  staining  solution 
comprising  propidium  iodide  (40  fig/mL),  RNase  A  (10  //g/ 
mL),  and  sodium  citrate  (0.3  fiM.)  in  PBS  at  a  density  of  1  X 
106  cells/mL;  stained  cells  were  incubated  at  37  °C  for  1  h.  The 
relative  abundance  of  cells  in  the  Gr,  G2-,  and  S-phase  of  the 
cell  cycle  were  investigated  using  a  FACSCalibur  (BD 
Biosciences;  San  Jose,  CA).  Results  were  presented  as  mean 
(of  average  events)  ±  SD  against  phase  of  cell  cycle. 
Experiments  were  repeated  3X  for  triplicates  per  group. 

2.7.  Caco-2  Permeability  Studies  of  ESC8.  Caco2  cells 
were  cultured  in  DMEM:F12  media  supplemented  with  FBS 
(10%  v/v),  PSN  (2%  v/v),  nonessential  amino  acid  solution 
(l.2%v/v),  and  HEPES  (10  mM).  At  80%  confluency,  cells 
were  detached  with  trypsin/EDTA  and  washed  2X  with  PBS. 
Single  cell  suspensions  in  a  0.5  mL  volume  (10s  cells  per  ml) 
were  seeded  in  the  apical  compartment  of  a  Costar  Transwell 
Permeable  Support  with  a  polycarbonate  membrane  (0.4  fim 
pore  size)  in  a  12-well  plate  format.  The  cells  were  maintained 
under  standard  culture  conditions  for  21  days  with  media 
changes  done  on  alternate  days  for  14  days  and  daily 
subsequently.  The  integrity  of  the  monolayer  formed  was 
monitored  by  measuring  the  transepithelial  electrical  resistance 


(TEER)  using  a  Millicell  ERS-2  V-Ohm  Meter  (Millipore, 
Billerica,  MA).  The  Caco-2  monolayers  in  the  apical  compart¬ 
ment  were  washed  2X  with  PBS  followed  by  HBSS— HEPES 
buffer  (pH  5.8).  The  inserts  were  then  transferred  to  a  new  12- 
well  plate  filled  with  HBSS— HEPES  buffer  (pH  7.4)  in  the 
basolateral  compartment.  The  buffer  in  the  apical  compartment 
was  replaced  with  fresh  buffer  at  pH  5.8.  The  plates  were 
allowed  to  equilibrate  for  5  min  at  37  °C  and  the  apical  and 
basolateral  compartment  buffers  replaced  with  ESC8  solution 
(10  jug/mL  in  pH  5.8  buffer)  and  blank  buffer  (pH  7.4) 
respectively  for  absorptive  studies.  For  secretory  studies,  the 
ESC8  solution  dissolved  in  HBSS— HEPES  buffer  (pH  7.4) 
were  added  to  the  basolateral  compartment  and  blank  buffer 
(pH  5.8)  added  to  the  apical  compartment.  The  contribution  of 
P-glycoprotein  (P-gp)  in  active  transport  of  ESC 8  was 
investigated  by  pretreatment  of  Caco-2  monolayers  to  the  P- 
gp  inhibitor,  verapamil  (l  mM),  for  16  h  before  permeability 
studies.  The  plates  were  incubated  at  37  °C  and  perfused  with 
air  (95%)  and  C02  (5%)  under  constant  shaking  (50  rpm)  for 
2  h.  Samples  (0.2  mL)  were  collected  from  the  basolateral 
compartment  (absorptive  study)  or  apical  compartment 
(secretory  study)  and  replaced  with  fresh  buffer.  Sampling 
was  done  at  0.5,  1.0,  1.5,  and  2  h.  The  samples  were  then 
injected  into  an  HPLC  separated  over  a  C18  column  under 
isocratic  conditions  with  mobile  phase  comprising  ethanol/ 
water  (70:30)  at  a  flow  rate  of  0.5  mL/min.  The  amount  of 
ESC8  was  estimated  by  interpolating  the  peak  area  obtained 
from  a  standard  plot  of  area  versus  amount  of  ESC8.  The 
apparent  permeability  (Papp)  of  ESC8  solution  was  computed 
according  to 

Papp(cm/s)  =  (dQ./dt)[(l/Q0)(l/A)]Vr 

where  dQJdt  =  amount  of  drug  in  receiver  chamber  vs  time 
(fig/ s);  Qo  =  initial  amount  of  drug  in  donor  chamber  {fig))  T 
=  time  (s);  A  =  area  of  membrane  insert  (cm2);  Vr  =  volume  of 
solution  receiver  chamber  (cm3). 

Permeability  data  were  presented  as  Papp  of  ESC8  solution 
against  time  with  or  without  verapamil  for  absorptive  and 
secretory  studies.  Experiments  were  repeated  2X,  and 
determinations  of  permeability  were  done  in  duplicates  for 
each  group.  The  above  procedure  was  repeated  for  assessing 
the  permeability  profiles  of  various  ESC8  lipid  nanocarriers  and 
compared  with  ESC8  in  DMSO. 

2.8.  Preparation  and  Characterization  of  ESC8  Lipid 
Nanocarriers.  2.8. 1.  Preparation  of  ESC8  Liposomes  (ESC8- 
Lip).  The  procedure  for  preparation  of  cationic  liposomes  is  as 
previously  described  with  modifications.20  Cationic  liposomal 
formulation  containing  ESC8  comprising  DOPC/DOPE/ 
DSPE-PEG(2000)  maleimide  in  the  ratio  3:2:2  at  a  total  lipid 
content  of  10  mM  was  prepared  by  the  thin-film  hydration 
method.  A  final  volume  of  2.5  mL  of  ESC8  liposome  was 
prepared  using  19.65  mg  of  DOPC,  18.60  mg  of  DOPE,  80.15 
mg  of  DSPE-PEG,  and  50  mg  of  ESC8  to  obtain  a  5  mg/mL 
liposome.  ESC8  was  dissolved  in  0.2  mL  of  ethanol  and  added 
to  the  phospholipid  mixture.  The  total  lipid  was  dispersed  in  an 
equi-volume  methanol/ chloroform  mixture  (4  mL)  in  a  round- 
bottom  flask,  and  the  solvent  evaporated  on  a  warm  water-bath 
under  a  nitrogen  stream  to  obtain  a  thin  lipid  film.  Hydration  of 
the  film  was  done  for  4  h  by  adding  double-distilled  water 
(ddH20)  to  make  10  mL  of  liposome.  The  resulting  liposome 
was  bath-sonicated  for  30  min  and  passed  through  a  0.2  fim 
syringe-filter  5  times.  The  liposome  was  dialyzed  against  PBS 
(pH  7.8)  for  4  h  in  a  2000  molecular  weight  dialyzing 
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Figure  1.  Schematic  representation  of  the  synthesis  of  nanolipid  carriers  entrapping  ESC8.  (A)  Cationic  liposomes  entrapping  ESC8  (ESC8-Lip) 
were  prepared  from  DOPC,  DOPE,  and  DSPE-mPEG  by  solvent  evaporation  as  described  in  the  Materials  and  Methods.  (B)  ESC8  was  entrapped 
as  solid  lipid  nanoparticles  (ESC8-SLN)  or  nanostructured  lipid  carriers  (ESC8-NLC)  using  different  combinations  of  solid  and  liquid  lipid  mixtures 
by  emulsification  under  high  speed  homogenization  as  described  under  Materials  and  Methods.  The  nanocarriers  formed  were  characterized  for  size, 
polydispersity,  zeta  potential,  and  entrapment  efficiency. 


membrane  to  remove  excess  organic  solvent.  The  liposome 
formulation  was  characterized  for  particle  size,  polydispersity 
index  (PDl),  zeta  potential,  and  entrapment  efficiency. 

2.82.  Preparation  of  ESC8  Nanostructured  Lipid  Carriers 
(ESC8-NLC).  A  5  mL  volume  sample  of  ESC8-NLC  was  made 
by  combining  an  oil  phase  composed  of  compritol  (0.5%  w/w), 
migloyl  (4%  w/w),  and  DOPC  (0.1%  w/w)  with  an  aqueous 
phase  comprising  Tween-80  (l%  w/w)  and  ddH20  (94.40% 
w/w).  Briefly,  the  oil  phase  with  ESC8  (12.5  mg  dissolved  in 
0.2  mL  of  ethanol)  was  warmed  in  a  beaker  to  65  °C.  The 
aqueous  phase  was  also  warmed  to  65  °C  and  added  to  the  oil 
phase  under  high  speed  homogenizing  (30,000  rpm  for  15 
min).  The  resulting  ESC8-NLC  was  purified  by  dialysis  against 
PBS  (pH  7.8)  for  4  h  and  characterized  for  particle  size,  PDI, 
zeta  potential,  and  entrapment  efficiency. 

2.8.3.  Preparation  of  ESC8  Solid  Lipid  Nanoparticles 
(ESC8-SLN).  Solid  lipid  nanoparticles  of  ESC8  comprised  an 
oil  phase  of  compritol  (0.5%  w/w),  geleol  mono  and 
diglyerides  (4%  w/w),  vitamin  E-TPGS  (l%  w/w),  and  an 
aqueous  solution  consisting  of  Tween-80  (l%  w/w)  and 
ddH20(93.5  w/w)  giving  a  final  amount  of  5  g  of  SLN.  The 
procedure  for  preparation  of  ESC8-SLN  is  that  same  as  that  for 
ESC8-NLC.  The  SLN  was  purified  by  dialysis  and  characterized 
for  size,  PDI,  zeta  potential,  and  entrapment  efficiency  (Figure 

i). 

2.8.4.  Characterization  of  ESC8  Lipid  Nanocarriers.  Particle 
size  and  zeta  potential  of  nanoparticles  was  determined  using  a 
Nicomp380  ZLS  (Particle  Sizing  Systems,  Port  Richey,  FL). 
Nanoparticle  formulation  (10  pL)  was  diluted  up  to  4  mL  with 


ddH20,  and  particle  size,  PDI,  and  zeta  potential  readings  were 
recorded.  For  entrapment  efficiency,  ESC8  lipid  nanocarriers 
were  filtered  by  centrifugation  using  a  vivaspin  column  with 
molecular  weight  cutoff  (MWCO)  of  10  kDa.  Entrapment 
efficiency  (EE)  was  estimated  according  to 

EE(%)  =  [(Wn  -  WT)/Wn]  X  100 

where  Wn  =  weight  of  ESC8  in  nanoparticle  and  Wr  =  weight  of 
ESC 8  in  centrifhgant. 

Determinations  for  particle  size,  PDI,  zeta  potential,  and 
entrapment  efficiency  were  done  at  least  three  times  for  each 
formulation. 

ESC8  lipid  nanocarriers  were  also  characterized  for  drug 
release  in  vitro  and  for  size  stability.  Release  characteristics  of 
ESC8  from  lipid  carriers  (corn  oil,  liposome,  solid  lipid 
nanoparticles,  and  nanostructured  lipid  carriers)  were  inves¬ 
tigated  using  the  VanKel  7000  Dissolution  System  (Varian, 
Cary,  NC)  according  to  the  USP  Dissolution  Apparatus  1 
basket  method  at  intestinal  conditions  (pH  6.8)  using  an 
appropriate  buffer  (comprising  0.75  L  of  0.1  N  HC1  and  0.25  L 
of  0.2  M  Na3P04).  ESC8  nanocarriers  (10  mg  of  ESC8  base) 
were  placed  in  the  mesh  basket  and  set  to  rotate  at  50  rpm  for 
24  h.  Sampling  (l.O  mL)  was  done  from  the  external  medium  at 
5,  10,  15,  20,  30,  45;  90,  and  120  min;  and  from  3,  4,  5,  6,  8,  16, 
and  24  h.  Volume  correction  was  maintained  by  replacing  the 
volume  removed  with  an  equal  volume  of  blank  buffer. 
Concentration  of  drug  released  was  estimated  by  HPLC.  The 
cumulative  concentration  of  the  released  drug  was  normalized 
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against  the  initial  concentration  and  plotted  as  percentage  drug 
release  vs  time  (h). 

Size  stability  was  investigated  by  assessing  change  in 
hydrodynamic  diameter  of  nanocarriers  with  time  (7,  14,  28, 
and  56  days)  using  the  Nicomp380  ZLS.  The  procedure  is  as 
earlier  demonstrated  under  this  section;  the  results  were 
plotted  on  a  graph  of  hydrodynamic  diameter  (nm)  vs  time 
(days). 

2.9.  Preparing  Plasma  Standards  of  ESC8  for 
Pharmacokinetic  Studies.  ESC8  stock  solution  was  prepared 
by  dissolving  ESC8  in  ethanol  (l  mg/mL)  and  storing  at  4  °C. 
Working  solutions  of  ESC8  were  prepared  by  diluting  the 
primary  stock  solution  to  obtain  1.0,  2.5,  5.0,  10.0,  25.0,  and 
50.0  fig/mL.  Plasma  calibration  standards  (0.4,  0.5,  1.0,  2.0, 
10.0,  and  20.0  //g/mL)  were  prepared  in  drug-naive  rat  plasma 
obtained  from  Sprague— Dawley  (SD)  rats.  Rat  plasma  (160 
//L)  was  spiked  with  ESC8  working  solution  (40  //L)  and 
vortexed  for  1  min.  Quality  control  (QC)  samples  were 
prepared  similarly  to  obtain  plasma— drug  concentration  of  0.4, 
1.0,  and  10.0  fig/mL  corresponding  to  low,  intermediate,  and 
high  QC,  respectively.  Samples  were  centrifuged  at  12,000  X  g 
for  10  min  and  the  supernatant  collected.  Mobile  phase 
consisting  of  ethanol/water  (70:30)  was  prepared  and  filtered 
using  a  0.45  fim  filter.  Samples  were  injected  (0.1  //L)  into  a 
Symmetry  C18  column  connected  to  a  Waters  HPLC  under 
isocratic  flow  of  0.5  mL/min  and  detection  done  at  240—320 
nm.  HPLC  runs  were  done  three  times  for  each  sample  and  the 
same  method  was  maintained  for  every  run. 

2.10.  Pharmacokinetic  Studies  of  ESC8  in  Sprague- 
Dawley  Rats.  Sprague— Dawley  rats  with  mean  weight  of  250  g 
were  divided  into  4  groups  (ft  =  3)  and  given  either  a  single 
dose  of  ESC8  as  (i)  an  intravenous  bolus  (2.0  mg/kg)  or  (ii) 
oral  liposome  or  SLN  (20.0  mg/kg).  The  intravenous  (i.v.) 
dose  was  prepared  by  dissolving  ESC8  in  ethanol  and 
dispersing  in  water  to  a  final  volume  of  1  mL  (5%  v/v 
ethanol).  The  intravenous  dose  was  administered  by  tail  vein 
injection  while  the  nanoparticles  were  administered  by  oral 
gavage.  Blood  samples  were  collected  into  heparinized  tubes 
from  an  initial  time  at  10  min  and  the  last  collection  done  at  25 
h  due  to  a  decrease  in  sensitivity  of  the  detection  method.  The 
samples  were  centrifuged  at  12,000  X  g  for  10  min  and  the 
plasma  collected.  To  absolute  ethanol  (20  fiL)  was  added 
plasma  sample  (80  //L)  and  vortexed  for  1  min.  The  mixture 
was  centrifuged  at  12,000  X  g  for  15  min  to  precipitate  out 
plasma  proteins.  The  supernatant  was  collected  and  50  //L  run 
through  a  C18  symmetry  column  of  an  HPLC  at  a  flow  rate  of 
0.5  mL/min  under  isocratic  conditions  with  mobile  phase  of 
ethanol/water  (70:30).  HPLC  runs  were  done  in  triplicates  for 
each  sample.  The  peak  area  of  each  run  was  interpolated  from 
the  plasma  calibration  standard  plot  to  obtain  the  amount  of 
drug.  A  concentration— time  plot  of  ESC8  was  obtained  and  the 
data  analyzed  by  WinNonlin  (Pharsight,  Cary,  NC)  to  obtain 
the  pharmacokinetic  parameters  for  each  formulation.  The 
bio  availability  (F)  of  ESC8  nanoparticle  was  estimated 
according  to 

F(%)  =  (AUCn  X  doseiv)/(AUCiv  X  dosej 

where  AUCn  =  area  under  the  curve  of  nanocarrier  formulation; 
doseiv  =  intravenous  dose;  AUCiv  =  area  under  the  curve  of 
intravenous  formulation;  and  doseiv  =  dose  of  nanocarrier 
formulation. 

2.11.  Modeling  of  TNBC  Xenograft  Tumors  in  Mice. 

Subconfluent  MDA-MB-231  cells  were  harvested  using  trypsin/ 


EDTA,  washed  2X  with  PBS,  and  resuspended  in  serum-free 
DMEM:F12  media.  Cell  suspension  was  diluted  in  BD  Matrigel 
matrix  (BD  Biosciences,  San  Jose,  CA)  on  ice  at  a  1:6  volume 
ratio  of  media  to  matrigel  to  a  final  concentration  of  1  X  107 
cells/mL.  Cell  suspensions  (l  X  106  cells)  were  injected  into 
the  left  mammary  fat  pad  of  athymic  nude  mice  in  a  100  //L 
volume.21 

2.12.  Biodistribution  of  ESC8-SLN  and  ESC8-NLC  in 
Xenograft  Tumors.  Mice  bearing  MDA-MB-231  as  tumor 
xenografts  were  divided  into  four  groups  and  administered 
ESC8-corn  oil  (10  mg/kg,  p.o.,  n  =  2),  ESC8-liposome  (10  mg/ 
kg,  p.o.,  n  =  2),  ESC8-SLN  (10  mg/kg,  p.o.,  n  =  2),  or  ESC8- 
NLC  (10  mg/kg,  p.o.,  n  =  2)  by  oral  gavage.  Animals  were 
sacrificed  8  h  post-treatment  and  the  tumors  excised. 
Representative  tumors  (0.5  g  from  each  group)  were  washed 
2X  in  PBS,  sliced  into  little  chunks  and  homogenized  in  5  mL 
of  PBS.  The  tissue  samples  centrifuged  and  the  supernatants 
discarded.  The  homogenates  were  washed  twice  in  PBS  and 
ESC8  extracted  with  absolute  ethanol  and  passed  through  a 
0.45  //m  polycarbonate  filter.  The  samples  were  diluted  in 
mobile  phase  (ethanol/water;  70:30)  and  separated  by  HPLC. 
ESC8  concentrations  were  interpolated  from  standard  plot 
calibrations;  the  results  were  presented  as  tumor  concentration 
of  ESC8  (ng///L). 

2.13.  Antitumor  Efficacy  Assessment  of  ESC8-SLN  in  a 
Xenograft  Mouse  Model.  Animals  were  randomized  into  6 
groups  (ft  =  4)  of  (i)  untreated  group,  (ii)  blank  SLN  group, 
(iii)  ESC8-SLN  (10  mg/kg)  group,  (iv)  ESC8-SLN  (20  mg/ 
kg)  group,  (v)  Cisplatin  (2  mg/kg,  2x/week,  intraperitoneal) 
group,  and  (vi)  ESC8-SLN  (20  mg/kg)  +  Cisplatin  (2  mg/kg, 
2x/week,  intraperitoneal)  group.  Treatment  was  started  when 
xenograft  tumors  reached  a  volume  of  approximately  65  mm3. 
Treatment  was  done  for  14  days  and  consisted  of  daily  oral 
(gavage)  administration  of  ESC8-SLN,  intraperitoneal  injection 
of  Cisplatin  solution  2X  per  week,  or  the  combination  thereof 
for  2  weeks.  Cisplatin  solution  was  made  by  dispersing 
Cisplatin  in  normal  saline  and  adjusting  pH  to  7.4  to  obtain 
a  1  mg/mL  suspension.  The  mixture  was  bath-sonicated  to 
dissolved  Cisplatin.  Tumor  volume  measurements  were 
estimated  2X  a  week  according  to 

tumor  volume  (mm3)  =  (1T)20.5(L) 

where  W  =  width  of  tumor  (mm)  and  L  =  length  of  tumor 
(mm). 

2.14.  Western  Blot  Analysis  of  Xenograft  Tumors. 

Mice  were  sacrificed  under  C02-induced  hypoxia  and  xenograft 
tumor  resected.  Tumor  tissue  were  homogenized  in  PBS 
followed  by  two  washed  with  PBS.  The  homogenized 
suspension  was  centrifuged  at  14,000  X  g  for  10  min  and  the 
supernatant  discarded.  Tissue  homogenate  was  suspended  in 
lysis  buffer  comprising  RIPA  (G-Biosciences,  St.  Louis,  MO) 
and  protease  inhibitor  (EMD  Millipore,  Billerica,  MA)  and 
frozen  at  —80  °C  for  2  h.  The  frozen  tissue  was  probe-sonicated 
for  1  min  and  kept  on  ice  for  1  h.  The  mixture  was  centrifuged 
at  12,000  X  g  for  15  min  and  the  supernatant  collected.  Total 
protein  estimation  of  tumor  tissue  lysate  was  done  according 
manufacturer's  instruction  using  the  BCA  assay  (Thermo 
Fisher  Scientific,  Rockford,  IL).  Protein  lysate  (50  //g)  was 
separated  on  a  Mini-Protean  TGX  gel  (Bio-Rad  Laboratories 
Inc.,  Hercules,  CA)  by  SDS-PAGE.  Proteins  were  blotted  onto 
a  nitrocellulose  membrane  and  probed  for  p53,  p21,  EGFR, 
Slug,  phospho-Aktl,  Vimentin,  NFk/?,  IKKy,  and  /Lactin. 
Protein  blots  were  quantified  by  surface  area  using  the  ImageJ 
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software  (National  Institutes  of  Health,  Bethesda,  MD)  and 
results  expressed  as  /Lactin-normalized  protein  expression  with 
treatment.22 

2.15.  Statistical  Analysis.  Results  were  analyzed  using 
GraphPad  Prism  5.0  (GraphPad  Software,  Inc.).  Statistical 
significance  in  differences  in  cell  cycle  was  determined  by  one¬ 
way  analysis  of  variance  (AN OVA)  (**P  =  0.0051)  followed  by 
Turkey's  multiple  comparison  test  (P  <  0.05).  Caco-2 
permeability  assay  for  verapamil  (+)  vs  verapamil  (— )  was 
analyzed  by  paired  t  test  (absorptive,  P  =  0.1164;  secretory,  P  = 
0.6625)  and  one-way  AN OVA  for  comparing  all  groups 
(absorptive  vs  secretory,  P  =  0.3102)  followed  by  Bonferonni's 
multiple  comparison  test  (P  <  0.05).  Tumor  volume  was 
analyzed  by  one-way  AN OVA  (***P  <  0.000 1)  followed  by 
Turkey's  multiple  comparison  test  (P  <  0.05).  Differences  in 
protein  expression  were  analyzed  using  one-way  ANOVA 
(***P  <  0.000 1)  followed  by  Turkey's  post-test  (P  <  0.05). 

3.  RESULTS 

3.1.  ESC8  Inhibits  Cell  Viabilities  of  Breast  Cancer 
Cells.  ESC8  inhibited  cell  viabilities  of  triple-negative  (MDA- 
MB-231  and  MDA-MB-468)  and  nontriple-negative  (SK-BR-3 
and  BT-474)  breast  cancer  cells  in  vitro.  The  72  h  IC50  of  ESC8 
was  2.70  ±  0.27,  1.38  ±  0.11,  1.94  ±  0.12,  and  2.14  ±  0.18  pM 
in  MDA-MB-231,  MDA-MB-468,  SK-BR-3,  and  BT-474  cells, 
respectively.  Results  (Figure  2)  also  show  concentration- 
dependent  cell  killing  by  ESC8  in  all  cell  lines. 

3.2.  ESC8  Enhances  Cisplatin  Cytotoxicity  in  Triple- 
Negative  Breast  Cancer  Cells.  Cell  viability  studies  of  ESC8- 
treated  MDA-MB-231  cells  with  Cisplatin  or  tamoxifen  were 
investigated  (Figure  3).  The  72  h  IC50  of  tamoxifen  was  13.64 
±  0.66  and  14.61  ±  2.00  pM  when  treated  alone  or  in 
combination  with  ESC8  (2.00  juM)  (Figure  3A).  The  IC50  of 
Cisplatin  decreased  from  64.54  ±  4.31  when  treated  alone  to 
47.83  ±  1.35  and  4.12  ±  0.27  pM  when  used  in  combination 
with  1.0  and  2.00  pMESC8,  respectively  (Figure  3B).  The 
combination  index  of  the  interaction  between  Cisplatin  and 
ESC8  is  1.042  (1.00  juM)  and  0.665  (2.00  juM)  indicating 
additivity  and  synergism,  respectively. 

3.3.  Cell  Cycle  Analysis  Triple-Negative  Breast  Cancer 
Cells.  FACS  analysis  of  cell  cycle  dynamics  of  MDA-MB-231 
cells  was  carried  out  after  a  24  h  treatment  with  DMSO,  ESC8 
(1.00  and  2.00  pM),  Cisplatin  (5  pM),  and  ESC8  (1.00  and 
2.00  pM)  +  Cisplatin  (5  pM)  (Figure  4).  Entry  of  cells  into  the 
G2-phase  of  the  cell  cycle  was  inhibited  Cisplatin  (5  pM)  and 
was  the  only  significant  change  observed.  The  average  events  in 
G2  after  treatment  with  Cisplatin  is  significantly  decreased  to 
5.13  ±  0.078  compared  to  DMSO  (5.87  ±  0.38)  and  1.00  and 
2.00  pM  ESC8  (6.37  ±  0.16  and  6.57  ±  0.21,  respectively). 
Cisplatin-mediated  inhibition  of  G2  was  reversed  by  combina¬ 
tion  treatment  with  1.00  and  2.00  pM  ESC8  (5.89  ±  0.07  and 
6.68  ±  0.36,  respectively). 

3.4.  Caco-2  Permeability  Studies  of  ESC8  Solution. 

Bidirectional  permeability  profile  of  ESC8  across  the  Caco-2 
monolayer  with  and  without  verapamil,  a  P -glycoprotein 
inhibitor  is  presented  in  Table  1.  Absorptive  flux  of  total 
ESC8  was  determined  by  sampling  from  the  basolateral 
compartment  at  fixed  time  points  up  to  2  h,  and  the  apparent 
permeability  (Papp)  was  estimated.  The  absorptive  apparent 
permeability  of  ESC8  alone  and  with  verapamil  (l  mM)  across 
the  Caco-2  monolayer  was  3.98  ±  0.14  X  10-6  and  3.65  ±0.13 
X  10-6  cm/sec,  respectively.  Secretory  transport  of  ESC8  was 
characterized  by  an  apparent  permeability  of  3.30  ±  0.13  X 


Log  [ESC8  Cone  in  ^M] 


Figure  2.  Estradiol  derivative  ESC8  is  cytotoxic  to  triple  negative  and 
nontriple  negative  breast  cancer  cells.  (A)  Structure  of  the  lipid- 
modified  estradiol  derivative,  ESC8.  ESC8  is  synthesized  by  the 
addition  of  a  long  alkyl  chain  quaternary  ammonium  moeity  at  carbon 
17  of  the  estradiol  structure.  (B)  ESC8  exhibits  anticancer  activities 
against  triple  negative  (MDA-MB-231  and  MDA-MB-468)  and 
nontriple  negative  (BT-474  and  SK-BR-3)  breast  cancer  cells  in 
vitro.  Breast  cancer  cells  were  treated  with  different  concentrations  of 
ESC8  in  DMSO  and  cell  viability  determined  after  72  h  as  described 
under  Materials  and  Methods.  Data  is  presented  as  percentage  cell 
viability  with  concentration  (pM).  The  IC50  (pM)  of  ESC8  against 
each  cell  line  was  determined  by  linear  regression  analysis.  Data  are 
presented  as  the  mean  ±  SD  of  at  least  3  determinations. 


10-6  and  3.18  ±  0.12  X  10-6  cm/sec  without  and  with 
verapamil,  respectively.  The  efflux  ratio  of  ESC8  alone  and  with 
verapamil  (l  mM)  was  estimated  to  be  0.83  ±  0.03  and  0.87  ± 
0.04,  respectively. 

3.5.  Characterization  of  Nanoparticles.  Results  from 
characterization  of  ESC8  nanoparticles  are  presented  in  Table 
2.  Particle  sizes  for  ESC8-Lipsome  (ESC8-Lip),  ESC8-NLC, 
and  ESC8-SLN  are  219.0  ±  2.83,  233.5  ±  4.95,  and  203.0  ± 
11.31  nm,  respectively.  The  differences  in  particle  size  are 
significant  for  ESC8-Lip  vs  ESC8-SLN  (*P  <  0.05),  and  ESC8- 
NLC  vs  ESC8-SLN  (***P  <  0.05).  The  differences  in  mean 
PDI  of  0.34  ±  0.06,  0.33  ±  0.08,  and  0.35  ±  0.04  for  ESC8-Lip, 
ESC8-NLC,  and  ESC8-NLC  (P  <  0.05),  respectively,  were  not 
significant.  ESC8-Lip  is  negatively  charged  (—12.64  ±  0.76 
mV),  while  ESC8-NLC  and  ESC8-SLN  had  positive  charges  of 
23.74  ±  1.09  and  14.53  ±  0.36  mV,  respectively.  The 
differences  in  mean  zeta  potential  were  significant  for  ESC8- 
Lip  vs  ESC8-NLC  (***P  <  0.0001),  ESC8-Lip  vs  ESC8-SLN 
(*P  <  0.05),  and  ESC8-NLC  vs  ESC8-SLN  (***P  <  0.0001). 
Entrapment  efficiencies  of  ESC  8-Lip,  ESC8-NLC,  and  ESC  8- 
SLN  were  84.62  ±  5.12,  93.75  ±  4.22,  and  96.31  ±  6.49%,  and 
the  difference  in  the  mean  entrapment  efficiencies  of  ESC8-Lip 
vs  ESC8-SLN  was  significant  (*P  <  0.05). 
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Figure  3.  ESC8  inhibits  triple  negative  breast  cancer  (TNBC)  cell 
viability.  Viability  of  MDA-MB-231  TNBC  cells  was  determined  after 
treatment  with  (A)  Tamoxifen  (Tam)  and  (B)  Cisplatin  alone  or  in 
combination  with  ESC8  after  72  h.  Data  is  presented  as  percentage  cell 
viability  against  concentration  (^M).  The  IC50  (^M)  of  Tam  or 
Cisplatin  as  a  single  or  combination  treatment  with  ESC8  was 
determined  by  linear  regression  analysis.  The  interaction  between 
combination  treatments  was  estimated  by  the  isobologram  method 
and  presented  combination  index  (Cl).  Data  are  presented  as  the 
mean  ±  SD  of  at  least  3  determinations. 


A  plot  of  percent  drug  release  versus  time  and  the  change  in 
particle  size  with  time  is  presented  in  Figure  5.  In  vitro  kinetics 
study  compared  the  release  characteristics  of  ESC8  from 
formulations  with  corn  oil,  liposome,  solid  lipid  nanoparticles 
(SLN),  and  nanostructured  lipid  carriers  (NLC).  The  release  of 
ESC8  from  SLN  closely  followed  that  of  NLC  with  an  initial 
burst  release  of  42.81  ±  0.83%  and  37.37  ±  3.29%,  respectively, 
at  1  h.  Drug  release  followed  first-order  kinetics  with  almost  a 
complete  release  of  98.78  ±  4.95%  and  96.14  ±  3.74%  for 
ESC8-SLN  and  ESC8-NLC  by  24  h.  ESC8  release  from 
liposomes  was  relatively  greater  than  corn  oil  at  all  time  points 
but  was  lower  with  respect  to  SLN  and  NLC.  At  1  and  24  h, 
17.89  ±  0.29%  and  85.03  ±  3.88%  of  ESC8  was  released  from 
liposomes  compared  to  7.31  ±  0.82%  and  78.82  ±  3.19%, 
respectively,  from  corn  oil.  While  the  differences  in  the  drug 
release  from  SLN  and  NLC  were  not  considered  at  all  points  (P 
>  0.05),  the  differences  in  drug  release  from  SLN  and  NLC 
compared  to  liposome  and  corn  oil  were  significant  (P  < 
0.0001). 
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Figure  4.  FACS  analysis  of  cell  cycle  dynamics  of  triple-negative  breast 
cancer  cells.  MDA-MB-231  cells  were  treated  with  ESC8  (l  and  2 
//M),  Cisplatin  (5  //M),  and  their  combinations  for  24  h.  Cells  were 
stained  with  ethidium  bromide  and  analyzed  by  FACS  as  described  in 
Materials  and  Methods.  Data  are  presented  as  the  mean  ±  SD  of  3 
determinations  of  percentage  average  events  against  treatment. 
Statistical  analysis  was  done  using  GraphPad  and  the  differences 
observed  between  means  analyzed  by  unpaired  t  test.  P  <  0.0003 
(Cisplatin,  5  //M  vs  ESC 8,  1  //M);  P  =  0.0004  (Cisplatin,  5  fiM  vs 
ESC8,  2  /iM);  P  =  0.0002  (ESC8  1  fiM  +  Cisplatin  5  //M);  and  P  = 
0.0019  (ESC8  2  piM  +  Cisplatin  5  ^M). 


Table  1.  Permeability  Studies  of  ESC8  Solution  Across  the 
Caco-2  Monolayer" 

Papp  X  10-6  (cm/s)  efflux  ratio  (ER) 

A^B  B^A  (B  — »  A) /(A  B) 

ESC8  [25  /*M]  3.98  ±  0.14  3.30  ±  0.13  0.83  ±  0.03 

(+)verapamil  [l  mM]  3.65  ±  0.13  3.18  ±  0.12  0.87  ±  0.04 

"Permeability  of  ESC8  from  apical  to  basolateral  (A  — »  B) 
compartment  (absorptive  transport)  and  from  basolateral  to  apical 
(B  — »  A)  compartment  (secretory  transport)  of  Caco-2  monolayer  was 
investigated  at  different  time  points.  Apparent  permeability  determi¬ 
nations  (cm/s)  were  made  with  or  without  a  P-glycoprotein  inhibitor 
(verapamil)  to  verify  the  contribution  of  P-glycoprotein  in  active 
transport  of  ESC8.  Efflux  ratio  was  determined  by  dividing  the 
absorptive  flux  by  secretory  efflux.  Results  were  presented  as  means 
with  standard  deviation.  Statistical  analysis  of  the  differences  observed 
was  performed  using  t  test.  The  differences  were  not  significant  (P  < 
0.05). 


The  change  in  particle  size  with  time  is  present  in  Figure  5B. 
Particle  size  for  all  formulations  showed  linear  increases  with 
time;  with  maximum  increases  observed  at  the  end  of  8  weeks. 
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Table  2.  Characterization  of  ESC8  Nanoparticles  for  Oral  Delivery** 

formulation  particle  size  (nm)  PDI  zeta  potential  (mV)  EE  (%) 

ESC  8-Lip  219  ±  2.83*  0.34  ±  0.06  -12.64  ±  0.76***  84.62  ±  5.12 

ESC8-NLC  232.5  ±  4.95***  0.33  ±  0.08  23.74  ±  1.09  93.75  ±  4.22 

ESC8-SLN  203  ±  11.31  0.35  ±  0.04  14.53  ±  0.36***  96.31  ±  6.49* 

aESC8-Lip,  ESC8-liposome  formulation;  ESC8-NLC,  ESC8-nanostructured  lipid  carrier;  ESC8-SLN,  ESC8-solid  lipid  nanoparticles;  PDI  = 
polydispersity  index;  EE  =  entrapment  efficiency.  Statistics:  One-way  ANOVA  ( P  <  0.05)  followed  by  Bonferonni’s  multiple  comparison  test. 
Particle  size:  ESC8-Lip  vs  ESC8-SLN  (*P  <  0.05);  ESC8-NLC  vs  ESC8-SLN  (***P  <  0.0001).  Zeta  potential:  ESC8-Lip  vs  ESC8-SLN  (***P  < 
0.0001);  ESC8-SLN  vs  ESC8-NLC  (***P  <  0.0001).  EE:  ESC8-Lip  vs  ESC8-SLN  (*P  =  0.0307). 
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Table  3.  Anticancer  Efficacy  and  Caco-2  Permeability  of 
ESC8  Formulations** 


ESC8 

formulation 

MDA-MB-231  IC50 
[am] 

Caco-2  permeabilty  P 

X  10-6  [cm/s] 

A  — »  B  B  A 

ESC8  solution 

2.72  ±0.18 

3.79  ±  0.24 

3.36  ±  0.47 

ESCS-liposome 

2.78  ±  0.26 

3.76  ±  0.42 

1.58  ±  0.20 

ESC8-SLN 

2.69  ±  0.21 

3.95  ±  0.28 

1.22  ±  0.13 

ESC8-NLC 

2.76  ±  0.33 

3.83  ±  0.16 

1.26  ±  0.11 

aESC8  solution  and  ESC8  lipid  nanocarriers  were  investigated  in 
MDA-MB-231  cells  and  Caco-2  monolayer  for  anticancer  efficacy 
permeability  properties,  respectively.  Efficacy  results  were  calculated 
from  cell  viability  studies  following  treatment  with  formulations 
containing  different  concentration  of  ESC8  base.  The  respective  IC50 
values  were  computed  as  the  mean  with  standard  deviation. 
Permeability  of  ESC8  from  apical  to  basolateral  (A  — ►  B) 
compartment  (absorptive  transport)  and  from  basolateral  to  apical 
(B  — »  A)  compartment  (secretory  transport)  of  Caco-2  monolayer  was 
investigated  at  different  time  points.  Apparent  permeability  was 
estimated  and  presented  as  means  with  standard  deviation.  Statistical 
analysis  of  the  differences  observed  was  performed  using  t  test.  The 
differences  observed  for  IC50  and  absorptive  flux  (Papp,  A  ->  B)  were 
not  considered  significant  (P  <  0.05);  differences  observed  for 
secretory  efflux  (Papp,  B  -»  A)  were  considered  significant  (P  <  0.05). 
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Figure  5.  In  vitro  release  kinetics  and  stability  of  particle  size  of  ESC8 
lipid  nanocarriers.  (A)  ESC8  release  from  lipid  nanocarriers  (corn  oil, 
liposomes,  solid  lipid  nanoparticles,  and  nanostructured  lipid  carriers) 
were  determined  using  the  USP  Dissolution  Apparatus  1  Basket 
method  under  intestinal  conditions  of  pH  as  described  in  Materials 
and  Methods.  The  results  were  computed  as  cumulative  drug  release 
from  nanocarriers  vs  time  (h)  and  plotted  as  means  with  standard 
deviation.  (B)  The  hydrodynamic  particle  diameters  of  ESC8- 
liposomes,  ESC8-SLN,  and  ESC8-NLC  were  determined  as  described 
at  7,  14,  27,  and  56  days  intervals.  The  results  were  presented  as 
hydrodynamic  diameter  (nm)  vs  time  (days).  All  data  were  obtained 
from  triplicates  for  each  experiment. 


These  maximum  increases  represented  27.4%,  26.4%,  and 
20.8%  for  ESC8-liposome,  ESC8-SLN,  and  ESC8-NLC, 
respectively,  as  a  percentage  of  size  at  56  days  versus  7  days. 

3.6.  Anticancer  Efficacy  and  Caco-2  Permeability  of 
ESC8  Lipid  Nanocarriers.  The  anticancer  efficacy  of  ESC8 
against  MDA-MB-231  cells  was  investigated  across  ESC8  in 
DMSO  and  three  lipid  formulations  comprising  ESC8-lip- 
osome,  ESC8-SLN,  and  ESC8-NLC.  As  presented  in  Table  3, 
the  differences  in  efficacy  of  ESC8  was  not  considered 
significant  (P  >  0.05).  However,  permeability  characteristics 
of  ESC8  lipid  nanocarriers  were  significantly  altered  compared 


to  ESC8  solution.  Although,  the  absorptive  flux  of  ESC8  across 
formulations  did  not  vary  significantly,  the  efflux  ratio  was 
shifted  to  favor  increased  drug  retention  in  the  basolateral 
compartment  (percent  efflux  ratio,  i.e.,  %  ER)  of  ESC8  was 
reduced  2—3  times  in  ESC8-liposomes  (%  ER,  42%),  ESC8- 
SLN  (%  ER,  31%),  and  ESC8-NLC  (%  ER,  33%)  compared  to 
ESC8  solution  (%  ER,  89%). 

3.7.  Rat  Plasma  Pharmacokinetics  of  ESC8  Intra¬ 
venous  Bolus  Injection.  The  concentration— time  plot  of 
ESC8  in  rat  plasma  following  a  single  IV  bolus  injection  of 
ESC8  (2  mg/kg)  was  estimated  from  peak  area  of  HPLC 
chromatograms  of  injected  plasma  samples  (Figure  6).  Curve 
fitting  into  a  one-compartment  model  was  done  using  the 
WinNonlin  software,  and  the  pharmacokinetic  parameters  are 
presented  in  Table  4.  Following  intravenous  bolus  injection  (2 
mg/kg)  in  Sprague— Dawley  rats  (n  =  3),  curve  fitting  of  plasma 
concentration— time  data  into  a  one-compartment  distribution, 
and  first  order  elimination  pharmacokinetic  model,  the 
elimination  rate  for  ESC8  was  0.048  ±  0.01  h-1  with  an 
elimination  half-life  of  14.63  ±  2.95  h,  and  a  systemic  clearance 
rate  of  0.91  ±  0.24  (L/h/kg).  At  steady  state  concentration, 
volume  of  distribution  of  ESC8  was  1.93  ±  0.35  L/kg.  The 
AUC  and  AUMC  were  5469.60  ±  783.62  //g-h/mL  and 
115484.14  ±  16292.31  //g- h2/mL,  respectively,  and  the  mean 
residence  time  was  21.11  ±  3.86  h. 

3.8.  Rat  Plasma  Pharmacokinetics  of  ESC8  Formula¬ 
tions.  The  concentration— time  plot  of  different  ESC8  oral 
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Figure  6.  Pharmacokinetic  studies  of  ESC8  solution  in  Sprague— 
Dawley  rats.  ESC8  was  administered  by  intravenous  bolus  injection 
(2.0  mg/kg)  in  rats  ( n  =  3).  Blood  sample  collection  was  done  up  to 
24  h,  and  plasma  was  separated.  ESC8  was  extracted  by  ethanol 
precipitation  and  separated  on  a  C18  symmetry  column  under 
isocratic  conditions  with  ethanol/ water  (7:3  ratio)  at  a  flow  rate  of  0.5 
mL/min  by  reverse-phase  HPLC.  ESC8  plasma  concentration  was 
interpolated  from  rat  plasma  calibration  standards  and  a  concen¬ 
tration-time  plot  obtained.  First-order  input;  one-compartment 
distribution,  and  first-order  elimination  curve  fitting  was  performed 
using  WinNonlin  software,  and  pharmacokinetic  parameters  were 
estimated.  Results  are  presented  as  mean  ±  SD  (n  =  3)  of  plasma- 
drug  concentration  vs  time. 


Table  4.  Pharmacokinetic  Parameters  of  ESC8  Following 
Intravenous  Administration  in  Sprague— Dawley  Ratsa 


pharmacokinetic  parameter 
dosejy  (mg/kg) 
elimination  rate,  K  (h-1) 
elimination  half-life,  T1/2  00 
clearance  (L/h/kg) 

Vss  (L/kg) 

AUC  {pi g-h/mL) 

AUMC  (jMg-h2/ mL) 

MRT  (h) 


ESC8  solution  (IV) 
2.0 

0.048  ±  0.01 
14.63  ±  2.95 
0.91  ±  0.24 
1.93  ±  0.35 
5469.60  ±  783.62 
115484.14  ±  16292.31 
21.11  ±  3.86 


aCurve  fitting  of  concentration— time  plot  of  ESC8  intravenous  bolus 
in  rat  was  done  using  WinNonlin.  ESC8  was  administered  to 
Sprague— Dawley  rats  ( n  =  3)  by  intravenous  bolus  injection  (2  mg/ 
kg).  Plasma  concentration  data  was  modeled  by  assuming  first-order 
input,  one-compartment  distribution,  and  first  order  elimination 
(where,  K10  =  KOI)  [condition  number  =  17.24;  AIC  criteria  = 
36.53;  SC  criteria  =  36.42].  Vss  =  volume  of  distribution  at  steady  state 
concentration;  AUC  =  area  under  the  concentration— time  curve  for 
drug  in  plasma  after  intravenous  dose  administration.  AUMC  =  area 
under  the  first-moment  curve  of  the  plasma  drug  concentration— time 
curve  from  time  zero  to  infinity;  MRT  =  mean  residence  time. 


formulations  following  gavage  of  SD  rats  (20  mg/kg  dose  for 
ESC8-liposome,  ESC8-SLN,  and  ESC8-NLC  groups  and  20 
mg/kg  dose  for  ESC8-Corn  oil  group)  is  presented  in  Figure  7. 
One-compartment  analyses  were  performed  using  WinNonlin 
to  obtain  the  pharmacokinetic  parameters  following  oral 
administration  (Table  5).  ESC8-corn  oil  attained  maximum 
concentration  of  543.70  ±  58.73  at  8.50  ±  0.72  h.  ESC8  was 
eliminated  at  a  rate  of  0.12  ±  0.02  h_1  with  an  elimination  half- 
life  of  5.89  ±  0.51  h.  The  volume  of  distribution  was  8.60  ± 
1.06  mL,  and  the  rate  of  clearance  was  1.10  ±  0.14  L/h.  The 
AUCq.00  and  AUMCq.00  were  12357.10  ±  1408.14  //g-h/mL 
and  105057.59  ±  12119.20  //g-h2/mL,  respectively,  with  a 
mean  residence  time  (MRTq.^)  of  8.50  ±  1.33  h.  The 
bioavailability  of  ESC8-corn  oil  was  9.04  ±  1.16%.  ESC8- 


liposome  and  ESC8-SLN  recorded  maximum  concentrations  of 
486.53  ±  55.36  and  890.62  ±  62.47  //g/mL  at  6.80  ±  0.69  and 
7.32  ±  0.82  h,  respectively.  The  respective  elimination  rates  and 
elimination  half-lives  were  0.15  ±  0.01  h_1  and  4.71  ±  0.62  h 
for  ESC8-liposome;  and  0.14  ±  0.01  h_1  and  5.08  ±  0.68  h  for 
ESC8-SLN.  ESC8-liposome  and  ESC8-SLN  were  distributed  in 
a  volume  of  3.78  ±  0.41  and  2.07  ±  0.47  mL  with  clearance 
rates  of  0.56  ±  0.13  and  0.28  ±  0.09  L/h,  respectively.  The 
respective  AUCq.^  and  AUMC0_oo  were  8991.76  ±  1022.62  //g- 
h/mL  and  61131.38  ±  8602.56  //g- h2/mL  for  ESC8-liposome; 
and  17728.97  ±  1962.05  //g-h/mL  and  129834.57  ±  14932.31 
//g-h7mL  for  ESC8-SLN;  MRT^  was  6.80  ±  1.02  and  7.32  ± 
1.21  h,  respectively.  The  absolute  bio  availability  of  ESC8- 
liposome  and  ESC8-SLN  were  16.45  ±  2.22  and  32.41  ± 
3.49%,  respectively.  ESC8-NLC  reached  maximum  concen¬ 
tration  of  792.53  ±  75.98  at  7.45  ±  0.86  h.  Elimination  was  at  a 
rate  of  0.13  ±  0.02  h-1  with  an  elimination  half-life  of  5.16  ± 
0.44  h.  Volume  of  distribution  of  ESC8-NLC  was  2.32  ±  0.36 
mL  with  a  rate  of  clearance  of  0.31  ±  0.12  L/h.  The  AUC^ 
and  AUMCq.oo  were  16047.25  ±  2070.29  //g-h/mL  and 
119532.76  ±  16042.14  //g-h2/mL,  respectively,  with  a 
MRTq.00  of  7.45  ±  1.05  h.  The  absolute  bio  availability  was 
29.33  ±  4.83%. 

3.9.  ESC8  Inhibits  Breast  Tumor  Growth.  Figure  8  shows 
a  plot  of  change  in  tumor  volume  (percentage  of  initial)  vs 
treatment  in  a  mouse  model  of  breast  cancer.  The  mean  change 
in  tumor  volume  (%  of  initial)  after  14  days  treatment  with  (i) 
no  treatment,  (ii)  blank  SLN,  (iii)  Cisplatin  (2  mg/kg,  2x/ 
week,  IP  injection),  (iv)  ESC8-SLN  (10  mg/kg/ day),  (v) 
ESC8-SLN  (20  mg/kg/day),  and  ESC8-SLN  (10  mg/kg/day) 
+  Cisplatin  (2  mg/kg,  2x/week,  IP  injection)  were  242.15  ± 
32.81,  223.19  ±  18.33,  179  ±  15.72,  63.45  ±  8.29,  55.47  ± 
7.06,  and  38.74  ±  6.91%,  respectively.  Analysis  of  differences  in 
change  in  tumor  volume  was  done  using  GraphPad  Prism  5.0 
and  statistical  differences  estimated  by  one-way  AN OVA  (***P 
<  0.000 1)  followed  by  Turkey's  multiple  compartment  test. 
The  differences  in  the  means  were  not  significant  for  untreated 
vs  blank  SLN  group  (P  =  0.2447;  Figure  6A).  Similarly,  no 
significant  differences  were  observed  between  ESC8-SLN  (10 
mg/kg/day)  and  ESC8-SLN  (20  mg/kg/day)  (P  =  0.1029; 
Figure  6B).  However,  the  difference  in  tumor  volume  between 
ESC8-SLN  (10  mg/kg/day)  and  Cisplatin  (2  mg/kg,  2x/ 
week)  was  significant  (P  <  0.0001;  Figure  6C).  The  decrease  in 
tumor  volume  in  ESC8-SLN  (10  mg/kg/day)  and  ESC8-SLN 
(10  mg/kg/day)  +  Cisplatin  (2  mg/kg,  2x/week,  IP  injection) 
groups  was  significant  (P  =  0.0002).  Overall,  the  rank  in  tumor 
growth  inhibition  followed  the  order  ESC8-SLN  (10  mg/kg/ 
day)  +  Cisplatin  (2  mg/kg,  2x/week,  IP  injection)  »  ESC8- 
SLN  (10  mg/kg/day)  and  ESC8-SLN  (20  mg/kg/day) 
Cisplatin  (2  mg/kg,  2x/week)  »  controls. 

3.10.  Biodistribution  of  Orally  Administered  ESC8  in 
Xenograft  Tumors.  Results  for  the  tumor  distribution  studies 
of  ESC8  lipid  nanocarriers  are  as  shown  in  Table  6.  At  10  mg/ 
kg  dose  of  ESC8  base  from  lipid  formulations,  there  was  32.2  ± 
4.63,  28.5  ±  5.16,  61.9  ±  4.96,  and  59.3  ±  5.32  ng  of  ESC8 
from  corn  oil,  liposome,  SLN,  and  NLC,  respectively,  retained 
per  mg  of  tumor  tissue  in  8  h.  The  respective  concentrations 
represent  12.88%,  11.4%,  24.76%,  and  23.72%  of  ESC8  from 
corn  oil,  liposome,  SLN,  and  NLC  per  loading  dose  of  250  //g 
per  mice. 

3.11.  ESC8  Induces  p21  Expression  in  Xenograft 
Tumors.  Protein  expression  of  p21,  Caspase-9,  EGFR,  p- 
Aktl,  Slug,  Vimentin,  NFk/?,  and  IKKy  are  shown  in  Figures  9 
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Figure  7.  Pharmacokinetic  studies  of  ESC8  nanoparticles  in  Sprague— Dawley  rats.  ESC8  was  formulated  as  liposomes  and  solid  lipid  nanoparticles 
and  administered  to  rats  at  a  20  mg/kg  dose  by  oral  gavage.  Blood  samples  were  collected  up  to  24  h  and  the  plasma  separated.  ESC8  was  extracted 
by  ethanol  precipitation  and  separated  on  a  C18  symmetry  column  under  isocratic  conditions  with  ethanol/water  (7:3  ratio)  at  a  flow  rate  of  0.5 
mL/min.  ESC8  plasma  concentration  was  interpolated  from  rat  plasma  calibration  standards  and  a  concentration— time  plot  obtained.  First-order 
input;  one-compartment  distribution,  and  first-order  elimination  curve  fitting  was  performed  using  WinNonlin  software,  and  pharmacokinetic 
parameters  were  estimated.  Data  presented  is  the  mean  ±  SD  (n  =  3)  of  plasma— drug  concentration  vs  time  for  each  group. 


Table  5.  Pharmacokinetic  Parameters  of  ESC8  Formulations  Obtained  by  One-Compartment  Analysis  of  Plasma— Drug 
Concentration  Data  Following  Oral  Administration  in  Sprague— Dawley  Ratsa 


pharmacokinetic  parameter 
dosepo  (mg/kg) 

Qnax  (Ag/mL) 

Tmax  (h) 

K i  (r-1) 

T1/2  (h) 

Vd/F  (mL) 

Cl/E  (L/h/kg) 

AUCq^  (/ig-h/mL) 
AUMC0_oo  (Eg'hr2 / mL) 
MRTo^  (h) 
bioavailabilty,  E  (%) 


ESCS-corn  oil 
50 

534.70  ±  58.73 
8.50  ±  0.72 
0.12  ±  0.02 
5.89  ±  0.51 
8.60  ±  1.06 
1.01  ±  0.14 
12357.10  ±  1408.14 
105057.59  ±  12119.20 
8.50  ±  1.33 
9.04  ±  1.16 


ESC8-liposome 

20 

486.53  ±  55.36 
6.80  ±  0.6/ 

0.15  ±  0.01 
4.71  ±  0.62 
3.78  ±  0.41^ 

0.56  ±  0.13Z 
8991.76  ±  1022.62^ 
61131.38  ±  8602.56* 
6.80  ±  1.02w 
16.45  ±  2.22 


ESC8-SLN 

20 

890.62  ±  62Alb,c 

7.32  ±  0.82 
0.14  ±  0.01 
5.08  ±  0.68 
2.07  ±  0.47^' 

0.28  ±  0.09m’n 
17728.97  ±  1962.05<2,r 
129834.57  ±  14932.31w 

7.32  ±  1.21*^ 

32.41  ±  3.49 


ESC8-NLC 

20 

792.53  ±  75.98^ 

7.45  ±  0.86 
0.13  ±  0.02 
5.16  ±  0.44 

2.32  ±  0.367'fc 
0.31  ±  0.12° 

16047.25  ±  2070.29s 
119532.76  ±  16042. 14v 
7.45  ±  1.05z,aa 
29.33  ±  4.83 


"Sprague— Dawley  rats  (average  weight  of  0.25  kg)  were  dosed  with  ESC8  formulated  as  (a)  dispersions  in  corn  oil  (50  mg/kg),  (b)  liposomes  (20 
mg/kg),  (c)  solid  lipid  nanoparticles  (20  mg/kg),  and  (d)  nanostructured  lipid  carriers  (20  mg/kg)  (n  =  3  per  group).  Plasma  samples  were  taken  at 
different  time  points  and  assayed  for  ESC8  using  an  HPLC  method.  Plasma  concentration— time  course  data  were  fitted  into  a  first-order  input,  one- 
compartment  distribution,  and  first-order  elimination  pharmacokinetic  model  using  WinNonlin  software.  Pharmacokinetic  parameters  were 
estimated  and  the  data  presented  as  mean  ±  SD  ( n  =  3).  Cmax  =  maximum  plasma  concentration  of  drug;  Tmax  =  time  for  drug  concentration  to  reach 
Cmax;  Kel  =  elimination  rate  constant;  half-life,  T1/2  =  time  for  plasma— drug  concentration  to  fall  to  half  the  initial  concentration  during  the 
elimination  phase;  Vd/F  =  volume  of  distribution  of  fraction  of  drug  absorbed.  Cl/E  =  clearance  of  fraction  of  drug  absorbed.  AUCq.00  =  area  under 
the  plasma  concentration— time  curve  measured  through  infinity;  AUMC0.oo  =  area  under  the  concentration  times  the  time  versus  time  curve 
measured  through  infinity;  MRTq^  =  mean  residence  time  through  infinity;  bioavailability,  E  =  fraction  of  drug  absorbed.  Statistical  analyses: 
unpaired  t  test  with  two-tailed  P  value  fcCmax:  ESC8-SLN  vs  ESC8-corn  oil  (**P  =  0.0022).  cESC8-SLN  vs  ESC8-liposome  (**P  =  0.001 1).  rfESC8- 
NLC  vs  ESC8-corn  oil  (#P  =  0.0109).  eESC8-NLC  vs  ESC8-liposome  (##P  =  0.0049).  fTmax:  ESC8-liposome  vs  ESC8-corn  oil  (¥P  =  0.0401).  sVd/F: 
ESC8-liposome  vs  corn  oil  (MP  =  0.0018).  ^ESCS-SLN  vs  ESC8-corn  oil  (***P  =  0.0006).  ‘ESC8-SLN  vs  ESC8-liposome  (**P  =  0.0090)/ESC8- 
NLC  vs  ESC8-corn  oil  (###P  =  0.0006).  fcESC8-NLC  vs  ESC8-liposome  (##P  =  0.0098):  ZC1/E:  ESC8-liposome  vs  ESC8-corn  oil  (¥P  =  0.0159). 
mESC8-SLN  vs  ESC8-corn  oil  (**P  =  0.0016).  nESC8-SLN  vs  ESC8-liposome  (*P  =  0.374).  °ESC8-NLC  vs  ESC8-corn  oil  (##P  =  0.0028).  PAUC: 
ESC8-liposome  vs  ESC8-corn  oil  (¥P  =  0.0286).  gESC8-SLN  vs  ESC8-corn  oil  (*P  =  0.0183).  rESC8-SLN  vs  ESC8-liposome  (**P  =  0.0024). 
sESC8-NLC  vs  ESC8-liposome  (##P  =  0.0061).  ¥AUMC:  ESC8-liposome  vs  ESC8-corn  oil  (^P  =  0.0069).  "ESC8-SLN  vs  ESC8-liposome  (**P  = 
0.0023).  VESC8-NLC  vs  ESC8-liposome  (###P  =  0.0003).  wBio  availability,  F:  ESC8-liposome  vs  ESC8-corn  oil  (^P  =  0.0069).  *ESC8-SLN  vs  ESCS- 
corn  oil  (***P  =  0.0004).  ^ESC8-SLN  vs  ESC8-liposome  (**P  =  0.0025).  ZESC8-NLC  vs  ESC8-corn  oil  (##P  =  0.0021).  ""ESC8-NLC  vs  ESC8- 
liposome  (#P  =  0.0137). 


through  12.  Protein  expression  was  normalized  against  /Pactin, 
and  the  results  are  presented  as  mean  protein/ /Pactin  ratio  with 
treatment.  Elevated  levels  of  p21  were  found  in  all  treatment 
groups  compared  to  the  controls.  The  relative  expression  of 
p21  in  ESC8-SLN  (10  mg/kg)  (0.330  ±  0.047)  and  ESC8-SLN 
(20  mg/kg)  (0.359  ±  0.051)  was  not  considered  to  be 


significant  between  the  two  groups  (P  =  0.3388),  but  were 
significant  when  compared  to  the  control  groups  (P  <  0.000 1) 
(Figure  9).  Additionally,  ESC8-SLN  at  20  mg/kg  mediated  a 
significantly  higher  (P  <  0.00 1)  p21  expression  compared  to 
Cisplatin  at  2  mg/kg  (0.197  ±  0.014).  Combination  treatment 
with  ESC8  (10  mg/kg)  +  Cisplatin  (2  mg/kg),  however, 
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□  Untreated  0  ESC8  SLN  (10  mg/kg) 

0  Blank  SLN  0  ESC8  SLN  (20  mg/kg) 

0  Cisplatin  (2  mg/kg)  0  ESC8  SLN  (10  mg/kg )+Cisplatin 


Figure  8.  ESC8-SLN  formulations  inhibit  tumor  growth  in  a  mouse 
xenograft  model  of  triple  negative  breast  cancer.  Mice  were  inoculated 
with  MDA-MB-231  cells  in  the  mammary  fat  pad  and  treated  as 
described  under  Materials  and  Methods.  Tumor  volume  at  the  end  of 
the  treatment  period  was  normalized  against  the  initial  volume  at  the 
start  of  treatment  and  expressed  as  percentage  mean  ±  SD  (n  =  4). 
Tumor  volumes  were  compared  between  (i)  untreated  vs  blank  SLN 
controls  ( n  =  4);  (ii)  blank  SLN  control  vs  ESC8-SLN  (10  mg/kg)  vs 
ESC8-SLN  (20  mg/kg)  ( n  =  4);  (iii)  blank  SLN  control  vs  Cisplatin 
(2  mg/kg,  2X  per  week,  i.p.)  vs  ESC8-SLN  (10  mg/kg)  ( n  =  4);  and 
(iv)  blank  SLN  control  vs  ESC8-SLN  (10  mg/kg)  vs  ESC8-SLN  (10 
mg/kg)  +  Cisplatin  (2  mg/kg,  2X  per  week,  i.p.)  ( n  =  4).  Statistical 
analysis  of  differences  in  percentage  of  mean  tumor  volume  was 
performed  using  unpaired  t  test  with  two-tailed  P-value.  P  <  0.05  was 
considered  significant. 


Table  6.  Biodistribution  of  ESC8  in  Xenograft  Tumorsa 


ESC8  formulation  [10  mg/kg] 
ESC8-corn  oil 
ESC8-liposome 
ESC8-SLN 
ESC8-NLC 


tumor  concentration  of  ESC8  [ng/mg] 

32.2  ±  4.63 
28.5  ±  5.16 
61.9  ±  4.96 

59.3  ±  5.32 


aESC8  biodistribution  into  MDA-MB-231  tumors  was  investigated 
following  treatment  of  ESC8  lipid  nanocarriers  in  athymic  nude  mice 
bearing  MDA-MB-231  cells  as  xenografts.  Mice  were  given  10  mg/kg 
single  dose  of  ESC8  as  ESC8-corn  oil,  ESC8-liposome,  ESC8-SLN, 
and  ESC8-NLC  (n  =  2  per  group)  as  described  in  Materials  and 
Methods.  Tumors  were  excised  and  ESC8  extracted  per  unit  of  tumor 
tissue.  The  concentration  of  ESC 8  was  estimated  from  HPLC  standard 
plot  interpolations,  and  the  results  presented  as  tumor  concentration 
of  ESC8  (ng/mg).  Differences  between  groups  were  analyzed  by  one¬ 
way  ANOVA;  (P  =  0.58,  ESC8-SLN  vs  ESC8-NLC;  P  <  0.05,  ESC8- 
SLN  vs  ESC8-corn  oil,  and  ESC8-NLC  vs  ESC8-corn  oil). 


mediated  a  greater  induction  of  p21  expression  (0.422  ±  0.053) 
compared  to  the  single  treatments  (P  =  0.0099  vs  ESC8,  10 
mg/kg;  P  <  0.0001  vs  Cisplatin,  2  mg/kg;  and  P  =  0617  vs 
ESC8,  20  mg/kg).  Significant  (P  <  0.000 1)  increases  in 
Caspase-9  expression  of  1.007  ±  0.074,  1.083  ±  0.074,  1.001  ± 
0.115,  and  1.011  ±  0.066  were  observed  in  the  ESC8-SLN  (10 
mg/kg),  ESC8-SLN  (20  mg/kg),  Cisplatin  (2  mg/kg),  and 
ESC8-SLN  (10  mg/kg)  +  Cisplatin  (2  mg/kg)  groups, 
respectively,  compared  to  control  groups  (Figure  9).  The 
differences  observed  between  treatment  groups  were  not 
significant  although  ESC 8  (20  mg/kg)  exhibited  a  greater 
expression.  Figure  10  shows  EGFR  expression  with  significant 
decreases  in  all  treatment  groups  compared  to  the  controls  (P  < 
0.0001).  ESC8-SLN  (10  mg/kg;  0.217  ±  0.009)  was  superior 
to  ESC8-SLN  (20  mg/kg;  0.290  ±  0.006)  and  Cisplatin  (2  mg/ 
kg;  0.259  ±  0.011 )  in  inducing  EGFR  expression.  However,  the 
greatest  inhibition  was  observed  in  the  combination  group 
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Figure  9.  ESC8  formulation  inhibits  tumor  growth  by  promoting  the 
expression  of  tumor  suppressor  and  apoptotic  markers.  Tumor 
xenografts  were  resected  from  mice  bearing  MDA-MB-231  cells  and 
total  protein  extracted  as  described  in  Materials  and  Methods.  Proteins 
were  separated  by  SDS-PAGE  and  probed  for  markers  of  tumor 
suppression  (p2l)  and  apoptosis  (Caspase-9).  Protein  expression  was 
quantitated  by  densitometry  using  the  ImageJ  software  and  normalized 
with  /Lactin  (internal  control),  and  the  results  were  presented  as  mean 
±  SD.  Data  analysis  was  done  using  GraphPad  Prism  5.0  and  the 
differences  in  means  with  treatment  analyzed  by  unpaired  t  test. 
Results  are  representative  of  at  least  triplicates  of  two  determinations. 


(0.163  ±  0.009),  which  was  significant  compared  to  each  of  the 
single  treatments  (P  <  0.000 1).  Phospho-Aktl  expression 
(Figure  10)  was  significantly  (P  <  0.05)  decreased  in  ESC8- 
SLN  (10  mg/kg)  (0.348  ±  0.05;  P  =  0.0051),  ESC8-SLN  (20 
mg/kg)  (0.379  ±  0.05;  P  =  0.0422),  and  ESC8-SLN  (10  mg/ 
kg)  +  Cisplatin  (2  mg/kg)  (0.00  ±  0.00;  P  <  0.000 1)  groups 
compared  to  control  groups.  Phospho-Aktl  expression  was, 
however,  elevated  in  the  Cisplatin  (2  mg/kg)  (0.500  ±  0.06) 
group,  which  was  significant  when  compared  to  ESC8-SLN  (10 
mg/kg)  (P  =  0.0008),  ESC8-SLN  (20  mg/kg)  (P  =  0.0049), 
and  ESC8-SLN  (10  mg/kg)  +  Cisplatin  (2  mg/kg)  (P  < 
0.000 1)  groups. 

In  Figure  11,  Slug  expression  was  not  affected  by  the  lower 
dose  of  ESC8-SLN  (0.616  ±  0.015)  compared  to  control 
groups.  However,  ESC8-SLN  (20  mg/kg)  and  Cisplatin  (2  mg/ 
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Figure  10.  ESC 8  formulation  inhibits  breast  tumor  growth  by 
inhibiting  EGFR  and  p-Aktl  expression.  Tumor  xenografts  were 
resected  from  mice  bearing  MDA-MB-231  cells  and  total  protein 
extracted  as  described  in  Materials  and  Methods.  Proteins  were 
separated  by  SDS-PAGE  and  probed  for  EGFR  and  p-Aktl.  Protein 
expression  was  estimated  by  densitometry  using  the  ImageJ  software 
and  normalized  with  /Tactin.  Data  analysis  was  done  using  GraphPad 
Prism  5.0,  and  the  differences  in  means  with  treatment  were  analyzed 
by  unpaired  t  test.  Results  are  representative  of  at  least  triplicates  of 
two  determinations. 
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Figure  11.  ESC8  formulation  inhibits  breast  tumor  growth  by 
inhibiting  Slug  and  Vimentin  expression.  Tumor  xenografts  were 
resected  from  mice  bearing  MDA-MB-231  cells  and  total  protein 
extracted  as  described  in  Materials  and  Methods.  Proteins  were 
separated  by  SDS-PAGE  and  probed  for  Slug  and  Vimentin.  Protein 
expression  was  estimated  by  densitometry  using  the  ImageJ  software 
and  normalized  with  /?-actin.  Data  analysis  was  done  using  GraphPad 
Prism  5.0,  and  the  differences  in  means  with  treatment  were  analyzed 
by  unpaired  t  test.  Results  are  representative  of  at  least  triplicates  of 
two  determinations. 


kg),  although  comparable,  produced  significant  decreases  in 
Slug  expression  (0.426  ±  0.017  and  0.439  ±  0.012, 
respectively)  compared  to  the  controls.  Consistent  with  the 
possibility  of  an  additive  interaction,  the  combination  treatment 
of  ESC8-SLN  (10  mg/kg)  +  Cisplatin  (2  mg/kg)  produced  the 
greatest  effect  (0.338  ±  0.012)  of  inhibiting  Slug  expression 
compared  to  all  treatment  groups  (P  <  0.0001 ).  Vimentin 
expression  was  decreased  significantly  by  96—100%  in  all 
treatment  groups  compared  to  the  controls  (P  <  0.0001 ); 
however,  the  differences  between  the  treatment  groups  were 
not  significant  (Figure  ll).  NFk/?  expression  was  unchanged 
between  ESC8-SLN  (10  mg/kg)  and  ESC8-SLN  (20  mg/kg) 
groups  (0.572  ±  0.083  and  0.591  ±  0.082,  respectively);  they 
were,  however,  significantly  lower  (P  =  0.0177  and  P  =  0.0323, 
respectively)  than  the  control  groups  (Figure  12).  NFk/? 
expression  levels  in  ESC8-SLN  (10  mg/kg)  and  ESC8-SLN  (20 


mg/kg)  groups  were  significantly  decreased  (P  =  0.0223  and  P 
=  0.0471,  respectively)  relative  to  the  Cisplatin  group  (0.684  ± 
0.059).  The  decreased  NFk/?  levels  in  the  ESC8-SLN  (10  mg/ 
kg)  +  Cisplatin  (2  mg/kg)  group  (0.507  ±  0.061)  was 
considered  significant  when  compared  to  Cisplatin  (2  mg/kg) 
and  ESC8-SLN  (20  mg/kg)  (P  =  0.0004  and  P  =  0.00692, 
respectively);  however,  the  difference  between  the  combination 
group  and  ESC8-SLN  (10  mg/kg)  group  was  not  significant  (P 
=  0.1474).  IKKy  expression  was  unchanged  in  ESC8-SLN  (10 
mg/kg)  group  (0.828  ±  0.07)  compared  to  controls  (0.838  ± 
0.01  and  0.851  ±  0.10)  (Figure  12).  IKKy  expression  was, 
however,  decreased  significantly  in  ESC8-SLN  (20  mg/kg) 
(0.503  ±  0.05),  Cisplatin  (2  mg/kg)  (0.636  ±  0.05),  and 
ESC8-SLN  (10  mg/kg)  +  Cisplatin  (2  mg/kg)  (0.003  ±  0.00) 
compared  to  control  groups  (P  <  0.0001,  P  =  0.0003,  and  P  < 
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Figure  12.  ESC8  formulation  inhibits  breast  tumor  growth  by 
inhibiting  NFk/?  and  IKKy  expression.  Tumor  xenografts  were  resected 
from  mice  bearing  MDA-MB-231  cells  and  total  protein  extracted  as 
described  in  Materials  and  Methods.  Proteins  were  separated  by  SDS- 
PAGE  and  probed  for  NFk/?  and  IKKy.  Protein  expression  was 
estimated  by  densitometry  using  the  ImageJ  software  and  normalized 
with  /?-actin.  Data  analysis  was  done  using  GraphPad  Prism  5.0,  and 
the  differences  in  means  with  treatment  were  analyzed  by  unpaired  t 
test.  Results  are  representative  of  at  least  triplicates  of  two 
determinations. 


0.0001,  respectively).  IKKy  expression  was  reduced  by  96%  in 
ESC8-SLN  (10  mg/kg)  +  Cisplatin  (2  mg/kg)  combination 
compared  to  the  single  treatment  groups. 

4.  DISCUSSION 

Challenges  associated  with  safe  and  effective  cancer  therapy 
epitomized  by  the  burgeoning  of  acquired  tumor  resistance  to 
many  anticancer  drugs  continue  to  plague  cancer  treatment. 
For  triple  negative  breast  cancer  (TNBC)  in  particular,  the  lack 
of  estrogen  receptors  (ER),  progesterone  receptors  (PR),  and 
human  epidermal  growth  factor  receptor  2  receptors  (HER2) 
limits  the  potential  of  many  prospective  candidate  drugs  for 
hormone  therapy.  For  this  reason,  the  use  of  drugs  such  as 
tamoxifen,  a  selective  estrogen  receptor  modulator  that  is  useful 
in  ER-positive  breast  cancers,  is  otherwise  of  little  benefit  in 
TNBCs.  Therefore,  our  discovery  of  a  safe  cationic  lipid- 


conjugated  estrogenic  derivative  (ESC8)  with  potent  anticancer 
activity  across  TNBC  and  non-TNBC  cells  (Figure  l)  is  a 
promising  approach.  ESC8  was  several  folds  superior  to 
tamoxifen  in  invoking  potent  anticancer  responses  in  MDA- 
MB-231  cells  (Figure  2). 17  We  had  previously  shown  that 
ESC 8  induced  significant  breast  tumor  regression  by  combined 
apoptotic  and  autophagic  mechanisms  involving  caspase  and 
mTOR  signaling,  respectively.17 

We  proposed  a  combinational  neoadjuvant  chemotherapy 
approach  to  treating  TNBC-bearing  mice  using  ESC8  (p.o.) 
and  Cisplatin  (2  mg/kg,  2x/week,  i.p.)  for  2  weeks  in  this 
study.  We  justified  our  approach  on  the  basis  of  the  benefit  of 
neoadjuvant  chemotherapy  (NACT)  in  TNBC  from  various 
clinical  trials.23,24  Significantly,  combination  of  carboplatin  and/ 
or  bevacizumab  to  NACT  comprising  paclitaxel— doxorubicin- 
cyclophosphamide  increased  the  pathologic  complete  response 
(pCR)  rates  compared  to  NACT  alone  in  a  randomized 
controlled  trial  of  Stage  II  and  III  TNBC.24  However, 
therapeutic  responses  were  associated  with  marked  hematologic 
and  cardiovascular  toxicities.  Cisplatin,  an  antineoplastic 
platinum  compound,  induces  apoptosis  and  inhibition  of  cell 
growth  by  facilitating  DNA  cross-linking  and  DNA— protein 
complexation.25,26  However,  its  usefulness  is  limited  by 
acquired  tumor  resistance.26  Although  Cisplatin  is  being 
investigated  in  clinical  trials  in  combination  therapies  against 
TNBC,9,27  it  is  yet  to  receive  approval  for  use  in  breast 
cancer.9,15  As  expected,  Cisplatin  inhibited  cell  growth  by 
inhibiting  entry  of  cells  into  G2-phase  of  the  cell  cycle  in  vitro ; 
in  contrast,  ESC8  did  not  result  in  any  observable  cell  cycle 
arrest  (Figure  3).  This  was  significant  for  the  combination 
approach  with  Cisplatin  and  ESC8  in  terms  of  the  anticipated 
composite  induction  of  cell  death  via  mutually  exclusive 
mechanisms.17,28  Investigating  cell  cycle  dynamics  was 
anticipated  to  afford  authors  an  idea  of  other  mechanisms  of 
action  (i.e.,  cytostasis)  of  ESC8  in  MDA-MB-231  cells. 
Previously,  ESC8  had  demonstrated  simultaneous  apoptotic 
and  autophagic  effects  (the  latter,  challenging  the  conventional 
association  of  autophagy  with  prosurvival  of  cancer  cells).17 
Further,  distinct  mechanisms  of  the  combination  drugs  are 
typically  associated  with  additivity  and  synergism,  and  are  a 
safeguard  against  potential  cross-acquired  chemoresistance, 
which  has  plagued  Cisplatin  use  clinically.  In  the  present 
study,  the  authors  set  out  to  explore  the  possibility  of  ESC8 
having  cytostatic  properties;  hence,  the  investigation  of  cell 
cycle  changes  with  ESC 8  treatment. 

In  this  study,  we  examined  the  feasibility  of  oral  delivery  of 
ESC 8  formulated  in  a  lipidic  carrier  to  abrogate  tumor  growth 
in  a  xenograft  mouse  tumor  model  of  TNBC.  Oral  delivery  is 
the  most  popular  and  convenient  route  of  administration,  given 
the  advantages  of  overcoming  limitations  including  extrava¬ 
sation  of  drug  or  blood,  catheter  infections,  and  thrombosis 
associated  with  intravenous  administration 29-31  Specifically, 
innovations  in  nanodelivery  systems  have  enhanced  the 
therapeutic  applications  of  many  anticancer  drugs.32  First 
generation  colloidal  delivery  vehicles  such  as  polymeric 
nanoparticles,  liposomes,  micelles,  and  self-(micro/nano)- 
emulsifying  drug  delivery  systems  (SM/NEDDS)  have  proved 
variously  useful  in  enhancing  the  delivery  of  poorly  bioavailable 
drugs.  However,  biocompatibility  (polymeric  nanoparticles) 
and  stability  (liposomes,  micelles,  and  SM/NEDDS)  have 
limited  their  applications.33,34  ESC8  is  a  highly  amphiphilic 
compound  with  a  gummy  consistency  and  undergoes  self- 
assembly  in  the  presence  of  a  surfactant  in  aqueous  media.17,35 


1117 


DOI:  10.1 021  /mp5008629 
Mol.  Pharmaceutics  201 5,  1 2,  1 1 05-1 1 20 


Molecular  Pharmaceutics 


Article 


Thus,  we  hypothesized  that  a  formulation  of  ESC8  in  a  self- 
nano  emulsifying  delivery  system  will  be  stable,  bio  compatible, 
and  orally  bioavailable.  Many  steroids  have  been  shown  to  be 
substrates  of  multidrug  resistance  proteins  including  P- 
glycoprotein  (P-gp),  which  is  expressed  on  the  apical  side  of 
the  intestines  and  in  many  tumors.36-38  However,  initial 
investigation  of  the  possible  involvement  of  P-gp  in  the 
transport  of  ESC8  across  Caco-2  monolayer  using  the  P-gp 
inhibitor  verapamil  did  not  support  a  significant  role  of  P-gp- 
mediated  ESC8  transport  (Table  l).  We  initially  optimized 
ESC8  in  a  self-nano  emulsifying  delivery  system  (SNEDD)  from 
ternary  phase  diagrams  using  soybean  oil,  Tween  80/ transcutol 
P,  and  vitamin  E  TPGS  (as  oil,  surfactant,  and  cosurfactant, 
respectively);  the  SNEDDs  exhibited  high  in  vitro  permeability 
across  the  Caco-2  monolayer  (data  not  shown).  However,  in 
vivo  bio  availability  of  the  ESC8-SNEDD  was  poor  due  to  high 
ESC8-serum  binding  (evident  from  serum-binding  immuno¬ 
assay  and  pharmacokinetic  profile),  possibly  stemming  from 
instability  resulting  in  SNEDD  inversion  and/or  drug 
precipitation  in  plasma.39  Thus,  an  alternative  delivery  system 
with  high  stability  was  necessary. 

Second  generation  colloidal  systems  such  as  SLNs  and  NLCs 
are  more  versatile  due  to  their  relative  stability  and 
biocompatibility.40  Nanovehicles  such  as  liposome  and  SLNs 
have  been  shown  to  enhance  the  oral  bioavailability  and 
anticancer  efficacies  of  many  antineoplastics.41,42  Our  initial 
observation  with  1,2-dipalmitoyl-sn-glycero-phosphatidyletha- 
nolamine  (DPPE) -polyethylene  glycol  (PEG)-17/?-estradiol 
(ES)  complex  formulated  as  liposomes  revealed  efficient 
targeting  of  estrogen  receptor.35  Sufficient  in  vitro  kinetics 
was  attained  for  near-infrared  DiR-labeled  cationic  liposomes 
entrapping  Ann  exin  A2  shRNA  in  a  lung  tumor  model  in  nude 
mice  resulting  in  75%  tumor  growth  inhibition.20  We 
successfully  increased  the  oral  bio  availability  of  ESC8 
formulated  as  liposomes,  nanostructured  lipid  carriers 
(NLCs),  and  solid  lipid  nanoparticles  (SLNs)  in  rats  (Table 
4).  SLNs  exhibited  superior  drug  release  properties  and  a  better 
pharmacokinetic  profile  compared  to  the  NLCs,  liposomes,  and 
corn  oil  (Figure  5)  in  keeping  with  previous  findings.33  Size 
stability  profiles  of  the  formulations  were  not  impacted  greatly 
with  time,  and  while  lipid  nanocarriers  have  been  shown  to 
exhibit  instability  overtime,  they  can  be  stabilized  by 
lyophilization  or  adsorption  onto  a  solid  matrix.43  Further, 
tumor  biodistribution  studies  of  the  ESC8  lipid  nanocarriers 
showed  superior  tumor  uptake  of  ESC8  from  SLN  (Table  6). 
Therefore,  on  the  basis  of  a  superior  drug  release,  tumor 
uptake,  and  pharmacokinetic  profiles,  we  proceeded  to 
investigate  the  antitumor  response  of  ESC8-SLN  in  mice 
bearing  TNBC  cells  as  xenografts.  Orally  bioavailable  ESC8- 
SLN  was  well  tolerated  in  mice  and  inhibited  tumor  growth  at 
doses  of  10  mg/kg/day  (P  <  0.0001,  vs  blank  SLN)  and  20  mg/ 
kg/ day  (P  <  0.0001,  vs  blank  SLN)  given  for  14  days;  and  in 
combination  with  Cisplatin  given  intraperitoneally,  ESC8-SLN 
significantly  inhibited  tumor  growth  (P  <  0.000 1). 

Previously,  we  had  shown  that  ESC 8  induced  cell  death  via 
apoptosis  and  autophagy,  the  latter  being  facilitated  through 
inhibition  of  PI3K-Akt-mTOR  signaling.17  The  epidermal 
growth  factor  receptor  (EGFR)  is  overexpressed  in  TNBCs 
and  is  a  promising  therapeutic  target 44  The  putative  ligand  of 
EGFR,  the  epidermal  growth  factor  (EGF),  is  involved  in 
normal  cellular  functions  including  wound  healing  and  cell 
growth  but  has  been  found  to  be  overexpressed  in  many 
cancers.45,46  EGF-mediated  activation  of  EGFR-PI3K-Akt- 


mTOR  signaling  has  been  shown  in  many  types  of 
cancers.47-  9  ESC8  treatment  was  accompanied  by  reduced 
expression  of  EGFR  closely  correlated  with  reduced  Aktl 
activation  in  tumor  xenografts  and  might  define  the  upstream 
initiation  of  autophagy  (Figure  10).  Overexpression  of  EGFR 
was  associated  with  reduced  expression  or  mutation  in  the 
(wild-type)  p53  tumor  suppressor,  and  p53  mutation  led  to 
acquired  oncogenic  phenotype  resulting  in  EGFR  recycling  and 
a  more  aggressive  TNBC.50  However,  the  induction  of  p21  and 
inhibition  of  EGFR  and  phospho-Aktl  expression  by  ESC8 
progressed  independent  of  the  p53  expression  level  although  a 
p53  mutated  status  was  very  likely.51,52  Stimulation  of  p21 
expression  by  p53  results  in  the  inhibition  of  cyclin-dependent 
kinases  (CDKs)  involved  in  promoting  cell  cycle,  thereby 
inhibiting  both  GrS  phase  and  G2-mitosis  transitions.52,53  The 
p53/p21 -mediated  inhibition  of  cell  cycle  progression  may  be 
accompanied  by  apoptosis  induction,  and  the  induction  of 
Caspase-9  expression  through  extrinsic  apoptotic  mechanisms 
is  necessary  for  the  proteolytic  activation  of  Caspases-3,  -6,  and 
-7  to  induce  apoptosis.54  Vimentin  is  a  protein  expressed  in 
mesenchymal  cells,  is  well  appreciated  as  a  marker  for 
epithelial-to-mesenchymal  transition  (EMT),  and  whose 
expression  was  decreased  significantly  in  all  treatment  groups.55 
Additionally,  Slug,  a  transcriptional  protein  associated  with 
EMT  through  inhibition  of  E-cadherin  and  found  overex¬ 
pressed  in  many  tumor  types,  was  reduced  by  ESC8.53  ESC8 
was,  therefore,  sufficiently  capable  of  perturbing  EMT  through 
inhibition  of  Slug  and  Vimentin  expression  although  the 
delineation  of  the  extent  of  EMT  reversal  was  outside  the  scope 
of  the  present  study. 

In  conclusion,  our  study  demonstrates  the  broad  anticancer 
properties  of  ESC8  in  triple  negative  and  nontriple  negative 
breast  cancer.  Significantly,  tailoring  ESC 8  for  oral  admin¬ 
istration  was  achieved  by  formulating  them  into  SLN  with 
translational  relevance  as  demonstrated  by  the  inhibition  of 
tumor  growth  either  as  a  single  treatment  or  with  Cisplatin. 
The  molecular  mechanisms  defining  these  anticancer  effects 
were  outlined  and  show  the  promising  prospect  of  ESC8-SLN 
as  a  candidate  for  adjuvant  and/ or  neoadjuvant  therapy  in  triple 
negative  breast  cancer. 
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3, 3-Diindolylmethane-14  (DIM-14),  a  novel  lipophilic  derivative  of  DIM,  has  demonstrated  anticancer  activity  in 
different  types  of  cancers.  However,  poor  solubility  and  low  oral  bioavailability  of  DIM-14  limit  its  translational 
benefits  in  vivo.  This  study  was  carried  out  to  improve  the  oral  bioavailability  of  DIM-14  via  self-emulsifying 
drug  (SED)  delivery  system  in  dogs  and  to  evaluate  pharmacodynamic  characteristics  of  SED  against  HI 650 
stem  cell  tumor  models.  DIM- 14  was  incorporated  into  an  oil,  surfactant,  and  co-surfactant  mixture  using  labrafil 
and  tween-80  to  obtain  SED.  SED  were  characterized  by  droplet  size,  polydispersitiy  index  (PDI),  zeta  potential, 
entrapment  efficiency  (EE),  in  vitro  permeability  and  drug  release  (investigated  with  Caco-2  monolayers  and  dis¬ 
solution  apparatus  respectively).  Pharmacokinetic  parameters  in  dogs  were  evaluated  and  analyzed  using 
Winonlin.  Anti-tumor  activity  was  carried  out  in  HI  650  lung  tumor  model.  Particle  size  of  SED  was  between 
230  and  246  nm  and  surface  charge  was  negative  and  ranged  from  26.50  to  28.69  mV.  Entrapment  efficiency 
of  SED  was  85%.  Pharmacokinetic  evaluation  in  dogs  showed  increased  Cmax  (39.18  ±  7.34  vs  21.68  ± 
6.3  (jg-dL-1),  higher  AUCO-t  (34,481.34  ±  1125.46  vs  14,159.53  ±  702.20  |ig- min- dL-1)  and  improved  absorp¬ 
tion  with  3  times  more  bioavailability  of  SED  compared  to  DIM-14  solution.  SED  showed  -30-59%  tumor  volume/ 
weight  reduction  in  HI 650  tumor  model  compared  to  DIM-P  solution.  Our  studies  demonstrate  the  potential 
application  of  self-emulsifying  drug  delivery  system  (SEDDS),  that  enhances  oral  absorption  of  DIM-14  and 
increased  anti-tumor  activity  against  lung  tumor  models. 

Published  by  Elsevier  B.V. 


1.  Introduction 

Lung  cancer  is  one  of  the  leading  causes  of  cancer-related  deaths 
worldwide  and  most  of  lung  cancer  cases  (85%)  belong  to  the  non- 
small-cell  lung  cancer  (NSCLC)  type  [1,40].  Despite  significant  advances 
in  our  knowledge  about  lung  cancer,  effective  therapies  to  combat  lung 
cancer  are  still  in  infancy.  Although  the  use  of  targeted  therapies  for 
lung  cancer  has  been  reported,  patients  are  yet  to  benefit  from  them.  Re¬ 
cent  reports  have  demonstrated  that  tumors  contain  a  small  subpopula¬ 
tion  of  cells,  termed  cancer  stem  cells  (CSCs),  which  exhibit  pro- 
tumorigenic  characteristics  including  high  proliferation  capacity, 
multipotent  differentiation,  drug  resistance  and  long  life  span  relative 
to  other  cells.  The  survival  rate  of  lung  cancer  patients  is  very  low  due 
to  the  acquisition  of  resistance  to  systemic  treatment  regimens,  which 
in  turn  may  be  due  to  the  presence  of  cancer  stem  cells  within  the  pri¬ 
mary  tumor.  One  new  therapeutic  avenue  that  is  currently  being  tested 
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in  preclinical  experiments  for  a  variety  of  solid  tumors  is  targeting  CSCs 
which  are  thought  to  be  responsible  for  tumor  initiation  and  recurrence 
after  chemotherapy  [2].  A  major  challenge  for  treating  this  type  of 
cancer  due  to  CSCs  is  that,  these  are  naturally  resistant  to  the  cytotoxic 
effect  of  radio-chemotherapy  because  of  slow  cell  cycling,  lower  prolif¬ 
eration,  and  increased  expression  of  DNA  repair  and  anti-apoptosis 
genes  [3,4].  This  has  led  to  hypothesis  that  targeting  CSC  populations 
is  essential  for  an  effective  treatment,  but  this  issue  has  not  yet  been 
experimentally  tested. 

New  therapies  using  novel  mechanisms  to  induce  tumor  cell  death 
are  required  and  natural  products  due  to  their  potential  anticancer 
compounds  play  a  crucial  role  in  envisaging  new  therapies.  3,3- 
Diindolylmethane  (DIM)  is  a  natural  product  derived  from  indole-3- 
carbinol  (I3C)  which  is  present  in  cruciferous  vegetables  such  as  Brus¬ 
sels  sprouts,  broccoli  and  cauliflower.  DIM  has  generated  much  interest 
in  cancer  research  because  of  its  low  toxicity  and  cytotoxic  effects  on 
cancer  cells  in  vitro  and  inhibition  of  tumor  growth  in  vivo  [5].  A  series 
of  novel  synthetic  l,l-bis(3-indolyl)-l-(p-substituted  phenyl)  methane 
analogs  (C-DIMs)  induced  expression  of  cell  cycle  inhibitors  such  as  p21 
and  p27,  downregulated-cyclin  proteins  including  cyclin  Dl,  decreased 


http  ://dx.doi.org/l  0.101 6/j  .jconrel.20 1 5 .06.01 4 
0168-3659/Published  by  Elsevier  B.V. 


A.R.  Patel  et  al  /  Journal  of  Controlled  Release  213  (2015)  18-26 


19 


expression  of  survival  and  anti-apoptotic  proteins  including  survivin, 
bcl-2,  bax  and  induced  poly  (ADP-Ribose)  polymerase  (PARP)  cleavage, 
mitochondrial  cytochrome  c  release  and  procaspase  cleavage  [6-8,41- 
43].  C-DIMs,  are  also  potent  anticancer  agents  and  their  activities  are 
structure-dependent  [9-11  ].  Considering  that  CSCs  may  be  key  media¬ 
tors  of  metastasis,  we  hypothesized  that  targeting  CSCs  with  DIM-14 
would  increase  the  anti-tumor  potential. 

Approximately  40%  of  new  active  pharmaceutical  agents  have  poor 
aqueous  solubility  and  their  oral  delivery  is  often  associated  with  low 
bioavailability.  Various  formulation  strategies  which  can  be  explored 
to  develop  oral  delivery  of  poorly  soluble  drugs  include  utilization  of 
surfactants,  lipids,  permeation  enhancers,  micronization,  salt  formation, 
[3-cyclodextrins  complexes,  nanocarriers,  solid  dispersions,  spray  drying 
and  self-emulsifying  drug  delivery  systems  (SEDDS).  SEDDS  are  mix¬ 
tures  of  oils,  surfactants,  solvents  and  co-solvents  that  create  fine  oil- 
in-water  emulsions  upon  mild  stirring  in  aqueous  media.  SEDDS  offer 
several  advantages  which  includes  their  spontaneous  formation, 
thermodynamic  stability,  improved  bioavailability  [12]  and  ease  of 
manufacturing.  Following  their  oral  administration,  these  systems  rap¬ 
idly  disperse  in  gastrointestinal  fluids  to  yield  micro  or  nano  emulsions 
and  are  rapidly  absorbed  through  the  lymphatic  pathway  [13].  Various 
bioavailability  studies  have  reported  that  lipophilic  compounds,  such 
as,  simvastatin  and  halofantrine,  are  more  efficiently  taken  up  from  gas¬ 
trointestinal  tract  when  administered  in  SEDDS  [14-16]. 

DIM-14  has  showed  anticancer  activity  in  lung  tumor  cell  lines 
in  vitro  and  in  vivo.  Further,  even  though  DIM-14  is  a  desirable  antican¬ 
cer  agent,  its  activity  as  a  single  agent  is  limited  due  to  its  poor  oral  bio¬ 
availability.  To  address  this  hypothesis,  we  investigated  the  anti-tumor 
efficacy  of  the  DIM-14  and  SED  formulations  in  the  lung  tumor  models. 
The  objective  of  this  study  was  designed  to  evaluate  SED  (self-emulsify¬ 
ing  DIM-14)  in  dogs  for  pharmacokinetic  analysis  and  asses  their  anti¬ 
cancer  activity  in  HI 650  mice  lung  cancer  model. 

2.  Materials  and  methods 

2  A.  Chemicals 

DIM-14  was  prepared  as  described  [5].  All  culture  media  contained 
antibiotic-antimycotic  solution  PSN  mix  by  Gibco-Invitrogrn  (Grand  Is¬ 
land,  NY,  USA).  Laminin,  accutase,  poly-D-lysine,  epidermal  growth  fac¬ 
tor,  and  fibroblast  growth  factor  were  purchased  from  Sigma  Aldrich 
(St.  Louis,  MO);  labrafil  Ml 944  and  labrasol  from  Gattefosse  (Paramus, 
NJ).  Kolliphor™  TPGS  (pharma  grade)  was  purchased  from  BASF  fine 
chemicals.  All  other  chemicals  used  were  of  analytical  grade. 

2.2.  Source  of  cells 

H1650  parent  cells  and  side  population  cells  (SP)/cancer  stem  cells 
(CSCs)  were  generously  donated  by  Dr.  Srikumar  Chellappan  of  the  H. 
Lee  Moffitt  Cancer  Center  and  Research  Institute  (Tampa,  FL)  and 
Caco-2  cells  were  obtained  from  American  Type  Culture  Collection 
(Rockville,  MD,  USA).  HI 650  CSCs  were  cultured  in  DMEM:F12  base 
medium  enriched  with  fibroblast  and  epidermal  growth  factors 
(10  jug/ml)  and  2%  PSN  cocktail.  Cells  were  maintained  at  37  °C  under 
an  atmosphere  of  95%  air  and  5%  C02.  HI 650  CSCs  were  cultured  on  a 
basement  membrane-coated  matrix  consisting  of  immobilized  laminin 
on  a  poly-D-lysine  layer. 

2.3.  Animals 

Nu/nu  mice  (20-30  g)  were  used  for  the  current  studies.  The  proto¬ 
cols  were  approved  by  the  Institutional  Animal  Care  and  Use  Commit¬ 
tee,  Florida  A  &  M  University.  Animals  were  maintained  on  standard 
animal  diet,  in  a  controlled  room  (22  ±  1  °C  @  35-50%  RH)  for  a  week 
prior  to  experiments.  Eighteen  month  old  female  intact  Labrador  re¬ 
triever  dogs  were  acquired  from  an  internal  canine  breeding  colony 


maintained  at  Texas  A&M,  College  of  Veterinary  Medicine.  All  canine 
protocols  were  approved  by  the  Institutional  Animal  Care  and  Use  Com¬ 
mittee  at  Texas  A&M  University.  Dogs  were  housed  in  large  runs  and 
allowed  outdoor  play  time  and  toys  for  enrichment.  They  were  fed  stan¬ 
dard  dog  chow  and  water  ad  libitum  for  the  duration  of  the  study. 

2.4.  HI  650  SP  cell  viability 

HI 650  SP  cells  were  seeded  in  a  96- well  format  (1  x  104  per  well) 
and  incubated  for  16-18  h.  Treatment  was  carried  out  for  72  h  with 
different  concentrations  of  DIM-14.  The  cells  were  washed  with  PBS 
2x  and  fixed  in  0.1  ml  glutaraldehyde  solution  (0.025%  w/v)  and  in¬ 
cubated  at  37  °C  for  30  min.  Glutaraldehyde  was  aspirated  and  0.1  ml 
crystal  violet  solution  (0.01%  w/v)  added  and  incubated  at  room  tem¬ 
perature  for  1 5  min.  Crystal  violet  solution  was  aspirated  followed  by 
2  washes  with  PBS;  the  plates  were  air-dried  and  disodium  hydrogen 
phosphate  solution  added  to  dissolve  the  crystal  violet.  The  absorbance 
of  crystal  violet  was  read  at  540  nm  and  the  cell  viability  calculated  as  a 
percentage  of  the  control.  Determinations  of  cell  viability  were  made  at 
least  3  x  and  the  data  presented  as  mean  ±  SD. 

2.5.  Preparation  of  liquid  self-emulsifying  system  and  SB  DIM-P 

The  liquid  self-emulsified  (SE)  formulations  were  prepared  as  previ¬ 
ously  reported  [17].  Initially,  solubility  of  DIM-1 4  was  determined  in  dif¬ 
ferent  oils  and  surfactants  to  select  the  suitable  oil  to  be  used  for  the 
formulation.  The  mixture  of  oils,  surfactants  and  co-surfactants  was  op¬ 
timized  by  DOE  analysis.  Briefly,  DIM-14  was  dissolved  into  the  mixture 
of  oil,  surfactant,  and  co-surfactant  with  help  of  heating  at  50  °C  in  a 
water  bath  and  vortexed  until  a  clear  solution  was  obtained.  Then  it 
was  kept  at  room  temperature  for  24  h  and  examined  for  stability  pa¬ 
rameters  such  as  turbidity/phase  separation.  Optimized  concentrations 
of  Enova  oil,  TPGS,  surfactant  (tween  80)  and  co-surfactant  (labarafil) 
were  determined  from  QbD  design.  The  optimized  composition  is 
showed  in  Table  1. 

2.6.  Characterization  of  self-emulsified  spray  dried  formulations 
2.6 A.  Emulsification  time 

The  emulsification  time  (the  time  for  a  pre-concentrate  to  form  a  ho¬ 
mogeneous  mixture  upon  dilution)  was  monitored  by  visually  observ¬ 
ing  the  disappearance  of  SED  and  the  final  appearance  of  the  emulsion 
in  triplicate.  A  dissolution  apparatus  (Dissolution  Tester  USP,  Type-II) 
was  used  at  a  paddle  speed  of  50  rpm  with  200  ml  buffer  medium  at 
37  °C.  The  SED  ( 1  g)  was  added  slowly  to  the  medium  and  time  required 
for  the  disappearance  of  SED  was  recorded. 

2.6.2.  Droplet  size  and  zeta  potential  determination 

Five  milligrams  of  the  SED  formulation  was  diluted  with  water  to 
10  ml  in  a  flask  and  gently  mixed.  The  droplet  size  distribution  and 
zeta  potential  of  the  resultant  emulsion  was  determined  by  laser  diffrac¬ 
tion  analysis  using  a  particle  size  analyzer  (Nicomp  Zetasizer,  US).  The 
sizing  of  the  emulsion  droplet  was  determined  in  a  small  volume  mod¬ 
ule.  Particle  size  was  calculated  from  the  volume  size  distribution.  All 
studies  were  replicated  (n  =  3)  and  statistically  analyzed  (P  <  0.05). 


Table  1 

Optimize  ingredients  of  DIM-14  as  self-emulsified  drug  delivery  system 
(SEDDS). 


Ingredients 

Composition  of  SEDDS 

(%  w/w) 

DIM-14 

20 

Enova  oil 

50 

TPGS 

10 

Labrafil  1944 

20 

20 
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2.6.3.  Dilution  studies/robustness  on  dilution 

A  dilution  study  was  done  to  access  the  effect  of  dilution  on  the  SED 
pre-concentrate.  In  this  study,  the  optimized  formulation  was  subjected 
to  various  dilutions  (i.e.,  1:50, 1:100  and  1:500)  with  various  diluents 
(i.e.,  water,  0.1  N  HC1,  phosphate  buffer  pH  7.5)  and  the  droplet  size 
was  recorded. 

2.6.4.  Determination  of  drug  content 

DIM-14  from  an  SED  formulation  was  extracted  in  acetonitrile  using 
the  sonication  technique.  The  extract  was  analyzed  for  DIM- 14  content 
by  HPLC  method  already  established  in  our  laboratory  [18].  Entrapment 
efficiency  was  estimated  using  the  formula: 

Entrapment  efficiency,  EE(%)  =  [(Wn— Wr)/Wn]  x  100 

where,  Wn  =  weight  of  DIM-14  in  SED,  and  Wr  =  weight  of  DIM-14  in 
filtrate. 

2.6.5.  In  vitro  release  studies 

DIM-14  release  from  SED  formulations  were  performed  using  USP 
XXIII,  dissolution  apparatus  II  with  200  ml  of  distilled  water  as  dissolu¬ 
tion  medium  at  37  ±  5  °C  with  paddle  speed  at  50  rpm.  SED  formulation 
equivalent  to  2  mg  of  DIM-14  was  introduced  into  the  dissolution  tester. 
At  predetermined  time  intervals,  an  aliquot  of  1  ml  was  collected,  fil¬ 
tered,  and  analyzed  for  the  content  of  DIM-14  by  HPLC.  An  equivalent 
volume  ( 1  ml)  of  fresh  dissolution  medium  was  replaced  to  compensate 
the  loss  due  to  sampling. 

2.7.  Caco-2  permeability  studies  ofDIM-14 

Single  cell  suspensions  (105  cells  per  ml)  were  seeded  in  the  apical 
compartment  of  a  Costar®  Transwell®  permeable  support  with  a  poly¬ 
carbonate  membrane  (0.4  pm  pore  size)  in  a  12-well  plate  format  in  a 
0.5  ml  volume.  The  cells  were  maintained  for  21  days  with  media 
changes  done  on  alternate  days  for  14  days  and  daily  subsequently.  For¬ 
mation  and  integrity  of  Caco-2  monolayer  and  tight  junctions  were 
monitored  by  the  transepithelial  electrical  resistance  (TEER).  Perme¬ 
ation  studies  were  done  by  adding  buffer  (HBSS-HEPES  buffer)  to  the 
donor  (pH  6.5)  and  acceptor  (pH  7.4)  compartments  for  5  min  at 
37  °C.  An  absorptive  permeability  study  was  done  by  adding  sample  so¬ 
lution  to  the  donor  compartment  (pH  6.5)  and  free  buffer  to  the  accep¬ 
tor  compartment  (pH  7.4).  Sampling  was  carried  out  from  the  acceptor 
compartment  at  1 5, 30, 45, 60, 90,  and  120  min  under  sink  condition.  Se¬ 
cretory  studies  were  carried  out  by  adding  the  sample  to  the  acceptor 
chamber  (pH  7.4)  and  sampling  from  the  donor  chamber  (pH  6.5).  Sam¬ 
ples  were  eluted  by  HPLC  and  amount  of  DIM- 14  was  obtained  by  inter¬ 
polating  the  peak  area  from  a  standard  plot  of  area  versus  amount  of 
DIM-14.  The  apparent  permeability  (Papp)  of  DIM-14  was  computed 
using  the  formula: 

Papp(cm/s)  =  [Q/(Ci  *  T  *  A)], 

where  Q=  amount  of  DIM-14  in  receiver  (jug);  Ci  =  initial  concentra¬ 
tion  of  DIM-14  (g/cm3),  T  =  time  (sec),  and  A  =  Area  of  insert  (cm2). 

2.8.  Bioavailability  of  DIM-14  and  SED 

2.8.1.  Bioavailability  in  dogs 

Pharmacokinetic  profile  of  DIM-14  in  Dogs  was  determined  follow¬ 
ing  IV  and  oral  administration.  Animals  were  randomly  distributed 
into  three  experimental  groups  (n  =  3).  DIM- 14  was  formulated  as  de¬ 
scribed  earlier  for  intravenous  administration  and  for  oral  solution; 
DIM-14  was  dissolved  in  corn  oil.  The  oral  treatment  groups  were 
given  3.33  mg/kg  of  DIM-14  solution  and  SED  equivalent  to 
3.33  mg/kg  of  DIM-P  was  administered  orally  by  syringe.  Each  dog 
had  a  central  venous  catheter  (long  saphenous)  placed  on  the  day  of 


the  study.  The  third  group  was  given  DIM-14  (0.5  mg/kg)  intravenously. 
Dogs  were  fasted  overnight  before  the  start  of  pharmacokinetic  studies. 
Blood  samples  were  collected  from  the  venous  catheters  into  heparin¬ 
ized  tubes.  Samples  were  collected  at  baseline,  and  at  15,  30,  60, 120, 
180,  240,  360, 480,  600,  720, 1440  min  after  administration  of  a  single 
dose  of  DIM-14  solution  and  SED.  Blood  samples  were  immediately 
centrifuged  and  plasma  was  collected  and  stored  at  —  80  °C  until  analy¬ 
sis.  At  the  end  of  the  study,  major  organs  were  collected  for  further 
evaluation. 

2.8.2.  Data  analysis 

Pharmacokinetic  parameters  were  determined  using  non- 
compartmental  techniques  with  WinNonlin®  5.0  software  (Pharsight 
Corporation,  Mountain  View,  CA,  USA).  SHAM  analysis  (i.e.,  Slope, 
Height,  Area,  and  Moment)  [19]  utilized  plasma  concentration-time 
data  to  estimate  the  area  under  the  curve  (AUC),  terminal  elimination 
half-life  (tl/2),  and  the  area  under  the  first  moment  of  the  plasma 
concentration-time  curve  ( AUMC).  The  AUC  was  calculated  for  each  an¬ 
imal  using  the  piecewise  log  trapezoidal  areas.  The  non-compartmental 
parameters  were  calculated  for  each  rat  before  averaging  dose  groups. 

2.9.  In  vivo  anticancer  evaluation  in  lung  cancer  models 

2.9.1.  H1650  cancer  stem  cell  xenograft  tumor  model 

HI 650  CSCs  at  80-90%  confluency  were  harvested  using  accutase 
(Sigma-Aldrich,  St.  Louis,  MO)  (Bajpai,  Lesperance  et  al.  2008)  and 
washed  2  x  with  PBS.  Cells  were  counted  (1  x  106)  and  suspended  as 
single  cells  in  50  pi  serum-free  DMEM:F12  media  and  diluted  in  matrigel 
(3  mg/ml)  to  a  final  volume  of  300  jul  on  ice.  Cell  suspension  in  matrigel 
(300  pi)  was  injected  on  the  right  flank  of  mice  using  a  pre-chilled  24- 
gauge  needle  and  syringe.  Animals  were  maintained  under  standard 
husbandry  for  xenografts  to  develop. 

2.9.2.  HI 650  cancer  stem  cell  orthotopic  lung  tumor  model 

Mice  were  placed  under  isoflurane-induced  anesthesia  under  asep¬ 
tic  conditions.  The  left  lateral  chest  was  doused  with  iodine  and  cleaned 
with  an  alcohol  swab.  A  small  lateral  incision  (~5  mm)  was  made  to  the 
left  chest  in  plane  of  the  left  fore-limb  just  below  the  scapula.  A  cell 
suspension-filled  B-D®  1  ml  latex  free  syringe  connected  to  a  27- 
gauge  Surflo®  winged  infusion  set  was  used  to  deliver  an  inoculum  of 
1  x  104  cells  (in  a  0.1  ml  volume  of  serum-free  DMEM:F12  base 
media)  through  the  sixth  intercostal  space  into  the  left  lung.  Incisions 
were  closed  with  surgical  skin  clips  and  animals  observed  for  full 
motor  and  cognitive  recovery.  Mice  were  maintained  for  30  days  for  de¬ 
velopment  of  lung  tumor  verified  by  dissection  of  a  random  mouse  for 
anatomical  observation. 

2.10.  Treatment  of  animals 

Mice  were  randomly  divided  into  the  following  groups  (n  =  12)  to 
receive  DIM-14  formulations  by  oral  gavage.  The  control  group  received 
vehicle  (No  DIM-14);  the  second  group  received  DIM-14  (20  mg/kg)  so¬ 
lution  every  other  day;  the  third  group  received  SED  (20  mg/kg).  To 
check  for  evidence  of  toxicity,  the  animals  were  weighed  twice  weekly. 
At  the  end  of  study,  all  animals  were  sacrificed  by  exposure  to  a  lethal 
dose  of  carbon  dioxide.  After  dissection  and  removal  of  the  lungs,  the 
lungs  and  tumor  mass  were  washed  in  sterile  PBS  and  weighed.  The 
lung  weights  and  tumor  volume  were  used  for  assessment  of  the  thera¬ 
peutic  activity  of  the  treatments. 

2.1 1.  Western  blot  analysis 

Protein  was  extracted  from  tumor  nodules  collected  from  control- 
untreated  and  treated  tumors  using  RIPA  buffer  (50  mM  Tris-HCL, 
pH  8.0,  with  150  mM  sodium  chloride,  1.0%  Igepal  CA-630  (NP-40), 
0.5%  sodium  deoxychlorate,  and  0.1%  sodium  dodecyl  sulfate)  with 
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protease  inhibitor.  The  lysate  from  normal  lung  tissues  was  also  pre¬ 
pared  in  a  similar  manner  as  described  above.  Protein  content  was  mea¬ 
sured  using  BCA  Protein  Assay  Reagent  Kit  (PIERCE,  Rockford,  IL).  Equal 
amounts  of  supernatant  protein  (50  jug)  from  the  control  and  different 
treatment  groups  were  denatured  by  boiling  for  5  min  in  sample  buffer, 
separated  by  10%  SDS-PAGE,  transferred  to  nitrocellulose  membranes 
for  immunoblotting.  Membranes  were  blocked  with  5%  skim  milk  in 
Tris-buffered  saline  with  Tween  20  and  probed  with  antibodies  against 
ER  stress  markers  and  p-actin  (1:1000)  (Santa  Cruz  Biotechnology, 
Santa  Cruz,  CA).  Horseradish  peroxidase-conjugated  secondary  anti¬ 
bodies  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  were  used.  Proteins 
were  visualized  using  enhanced  chemiluminescent  solution  (Pierce, 
Rockford,  IL)  and  exposed  to  Kodak  X-OMAT  AR  autoradiography  film 
(Eastman  Kodak,  Rochester,  NY). 

2.12.  Statistical  analysis 

Results  obtained  were  analyzed  using  GraphPad  Prism  5.0 
(GraphPad  Software,  Inc.).  Statistical  significance  in  differences  in  cell 
viability  and  migration  were  determined  by  unpaired  t-test 
(***P  <  0.0001);  and  one-way  analysis  of  variance  (ANOVA)  followed 
by  Bonferroni's  multiple  comparison  test  (***P  <  0.05);  tumor  weight 
and  lung  weight  (*P  <  0.05)  by  one-way  ANOVA  followed  by  Tukey's 
post-test  (***P  <  0.0001 ;  **P  <  0.05).  Results  are  presented  for  at  least 
three  determinations  and  presented  as  mean  ±  SD. 

3.  Results 

3.1.  H6150  SP  cells  are  resistant  to  chemotherapy 

The  IC50  of  DIM-14  in  H1650  and  H1650  SP  cells  were  8.70  ± 
0.13  nM  and  33.75  db  3.65  nM  respectively.  The  concentration  of  drug 
treatment  resulting  in  50%  cell  death  (IC50)  was  estimated  from  cell 
viability  data  using  linear  regression  analysis. 

3.2.  Characterization  ofSED  DIM-14 

3.2.1.  Droplet  size,  zeta  potential  determination  and  drug  content 

The  formulation  composition  ratio  in  Table  1  gave  the  particle  size 
(240  d=  24.23  nm,  mean  ±  SD,  n  =  3)  than  other  SED  formulations. 
The  PDI  (polydispersity  index)  was  0.11  d=  0.02.  Also,  the  coefficient  of 
variance  (COV)  for  the  measurement  set  was  less  than  5%.  The  charge 
of  oil  droplets  in  SED  was  negative  due  to  the  presence  of  free  fatty 


acids  and  the  zeta  potential  of  the  formulation  was  —  28.9  ±  0.42 
(mean  d=  SD,  n  =  3).  We  have  measured  the  particle  size  and  zeta  po¬ 
tential  aging  after  24  of  dispersion  and  it  was  found  that  there  was  no 
statistical  differences  compare  to  time  zero  readings.  Drug  content  of 
the  formulation  was  found  to  be  85.34  db  0.42%  (mean  db  SD,  n  =  3). 

3.2.2.  Release  studies 

At  initial  12  h,  SED  formulation  released  99%  of  DIM-14.  Fig.  1  reveals 
the  in  vitro  drug  release  profiles  of  DIM-14  from  free  drug  and  solution 
with  -10%  and  -40%  of  drug  release  in  24  h.  The  release  profile  of  opti¬ 
mized  formulation  was  found  to  release  more  than  50%  of  DIM-14  with¬ 
in  4  h  from  the  SED  formulation,  indicating  a  highly  desirable  release 
profile. 

3.2.3.  Caco-2  permeability  studies  of  DIM-14 

The  TEER  values  of  >400  O-crn2  and  mean  permeability  values  of 
paracellular  control  Lucifer  Yellow  of  <  0.15  x  10“ 6  cm/s  were  within 
normal  limits,  thus  confirming  paracellular  integrity  of  monolayers. 
The  average  Peff,  A-B  assay  for  DIM-14  was  approximately  0.26  ± 
0.05  x  10“ 6  cm/s,  and  B-A  was  0.41  db  0.09  x  10“ 6  cm/s.  The  TEER 
values  of  monolayers  were  indicative  of  tight  junction  integrity,  and 
TEER  values  did  not  significantly  change  throughout  the  experiment. 
The  A-B  apparent  permeability  (Papp)  values  using  the  Caco-2  assay 
for  SED  were  9.45  ±  0.07  x  10“ 6  cm/s  and  10.95  ±  0.08  x  10“ 6  cm/s 
respectively  for  unstirred  and  stirred  water  layers  respectively. 

3.3.  Optimization  ofSED  using  desirability  function 

The  contour  plots  and  the  prediction  profiler  of  interactions  between 
independent  variables  are  shown  in  Fig.  2.  Using  the  desirability  func¬ 
tion,  all  measured  responses  were  combined  into  a  single  response. 
The  optimized  batch  was  identified  with  a  desirability  value  of  0.757 
for  SED.  Individual  and  overall  desirability  for  all  measured  responses 
were  evaluated. 

3.4.  Bioavailability  studies  ofSED 
3.4.1.  Bioavailability  in  dogs 

The  plasma  concentration-time  profiles  of  DIM-14  formulations  in 
dogs  are  shown  in  Fig.  3.  The  concentration-time  plot  of  DIM-14  in 
dog  plasma  followed  a  single  i.v.  bolus  injection  which  was  estimated 
from  peak  area  of  HPLC  chromatograms  of  injected  plasma  samples 
(Fig.  3A).  Non-compartmental  pharmacokinetic  parameters  were 


Fig.  1.  In-vitro  release  study  of  DIM-14  free  drug,  DIM-14  solution  and  SED  formulation. 
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A:  Drug  concentration 


Fig.  2.  Contour  plots  showing  the  effect  of  independent  variables  on  desirability  and  dependent  variables  during  process  design  SED. 


measured.  Curve  fitting  into  a  two-compartment  model  was  done  using 
the  WinNonlin  software.  Following  intravenous  bolus  injection,  there 
was  a  rapid  distribution  of  drug  into  peripheral  tissues  (I<12  =  0.39  1/ 
h)  and  a  comparatively  slow  distribution  from  the  peripheral  compart¬ 
ment  to  the  central  compartment  (I<21  =  0.15  1/h),  and  a  slower  elim¬ 
ination  from  the  central  compartment  (I<10  =  0.003  1/h).  Volume  of 
distribution  (Vd)  of  DIM-14  was  0.321  1/kg  and  remained  unchanged 
at  steady  state  (Vdss  =  0.319  1/kg). 

AUC  was  calculated  by  trapezoidal  methods  (P  <  0.05),  and  second¬ 
ary  parameters  were  calculated.  Oral  delivery  of  DIM-14  (3.33  mg/kg) 
showed  poor  bioavailability  (<10%)  and  a  shorter  plasma  half-life 
compared  to  that  of  SED.  However,  the  half-life  for  SED  was  increased 
by  -  3  h  with  increase  in  bioavailability  by  -25%.  Pharmacokinetic  eval¬ 
uation  in  dogs  showed  improved  absorption  of  SED  formulations  com¬ 
pared  to  solution;  increased  Cmax  (39.18  ±  7.34  vs  21.68  ±  6.3  jug  dL- 
1)  and  higher  AUCO-t  (34,481.34  ±  1125.46  vs  14,159.53  db  702.20  jug 
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min  dL-1 ).  The  relative  oral  bioavailability  of  SED  calculated  on  the 
basis  of  AUCO-t  was  about  3  fold  more  as  compared  to  solution. 


3.5.  In  vivo  anticancer  activity  of  oral  DIM-P 

3.5.1.  HI  650  cancer  stem  cell  xenograft  tumor  model 

The  results  in  Fig.  4  showed  that  lung  tumor  weights  were  signifi¬ 
cantly  (*,  P  <  0.001)  decreased  by  30  and  64%  after  treatment  with 
DIM-14  and  SED  respectively  compared  to  vehicle  control.  In  mice  treat¬ 
ed  with  the  DIM-14  and  SED,  lung  tumor  volumes  were  decreased  by  29 
and  61%  respectively.  A  non-significant  (P  >  0.05)  change  in  average 
number  of  tumor  nodules  was  observed  among  central,  mid  and  periph¬ 
eral  regions  of  harvested  lungs  from  each  of  the  treated  groups  (Fig.  4). 
DIM-14  and  SED  treatment  showed  significant  (*,  P  <  0.001 )  decrease  in 
average  number  of  tumor  nodules  by  29  and  56%  respectively  compared 


Fig.  3.  A)  Plasma  concentration  (pg/dL)  vs  time  profile  (hr)  following  intravenous  administration  of  DIM-14  (0.5  mg/kg),  B)  plasma  concentration  (pg/dL)  vs  time  profile  (hr)  following  oral 
administration  of  DIM-14  solution  (3.33  mg/kg)  and  self-emulsified  formulation  of  DIM-14  (3.33  mg/kg)  (SED)  in  dogs  (n  =  4). 
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Fig.  4.  Effects  of  DIM-14  solution  and  SED  on  HI 650  stem  cell  xenograft  lung  tumor  volume  (a);  tumor  weight  (b);  mice  body  weight  (c).  Lung  weights  and  tumor  volumes  were 
determined  for  measurement  of  therapeutic  activity  of  the  treatments.  One-way  ANOVA  followed  by  post  Tukey  test  was  used  for  statistical  analysis.  P  <  0.05  (*,  significantly  different 
from  untreated  controls;  **,  significantly  different  from  DIM-P  solution).  Data  presented  are  means  ±  SD  (n  =  12). 


to  control  groups.  We  did  not  observe  any  weight  loss  or  other  signs  of 
toxicity  in  mice  treated  with  DIM-14. 

3.5.2.  HI  650  cancer  stem  cell  orthotopic  lung  tumor  model 

Treatment  was  started  ten  days  after  tumor  implantation  and 
continued  for  a  total  of  30  days.  Ten  days  after  inoculation  with  tumor 
cells,  the  average  lung  weights  and  tumor  volumes  were  198  ± 
17.25  mg  and  87  ±  18.87  mm3,  respectively  (Based  on  pilot  study). 
The  results  (Fig.  5)  showed  that  lung  tumor  weights  were  significantly 
(*,  P  <  0.001)  decreased  by  24  and  59%  after  treatment  with  DIM-14 
and  SED  respectively  compared  to  vehicle  control.  In  mice  treated 
with  the  SED&  DIM-14,  lung  tumor  volumes  were  decreased  by  67 
and  34%  respectively.  A  non-significant  (P  >  0.05)  change  in  average 
number  of  tumor  nodules  was  observed  among  central,  mid  and  periph¬ 
eral  regions  of  harvested  lungs  from  each  of  the  treated  groups  (Fig.  5). 
DIM-14  and  SED  treatment  showed  significant  (*,  P  <  0.001 )  decrease  in 
average  number  of  tumor  nodules  by  22  and  49%  respectively  compared 
to  control  groups.  We  did  not  observe  any  weight  loss  or  other  signs  of 
toxicity  in  mice  treated  with  DIM-14. 

3.6.  Hematoxylin  and  eosin  staining 

The  lung  tumor  histology  was  evaluated  by  H  &  E  staining  of  lung 
tumor  tissue.  DIM-14  and  SED  treated  tumors  exhibited  only  occasional, 


isolated  microvessels,  while  tumors  from  untreated  mice  had  well- 
formed  capillaries  surrounding  nests  of  tumor  cells.  Histological  exami¬ 
nation  of  the  lungs  and  tracheobronchial  epithelium  showed  no  signs  of 
inflammation  or  edema  among  all  groups  which  suggests  a  safer  toxic¬ 
ity  profile  for  both  DIM-14  and  SED  therapy. 

3.7.  Anti-tumor  activity  of  DIM-14  and  SED  formulations 

Western  blot  analysis  of  Bcl-2  expression  suggested  that  the  anti- 
apoptotic  marker,  Bcl-2,  was  significantly  down  regulated  in  SED 
group  compared  to  untreated  control  and  DIM-14  treated  groups 
(Fig.  6).  The  densitometric  analysis  of  western  blot  bands  revealed 
that  p-actin  relative  Bcl-2  expression  was  reduced  1.8  and  4.2  fold, 
respectively  in  DIM- 14  and  SED  groups  compared  to  untreated  control 
tumors.  The  SED  produced  2.4  fold  higher  repression  in  the  Bcl-2 
expression  compared  to  DIM-14,  suggesting  the  superior  anticancer  ef¬ 
fects  of  SED  in  lung  cancer  stem  cell  model.  Similarly,  the  expression  of 
cell  survival  marker  survivin  was  also  significantly  down  regulated  (0.9 
and  2.1  fold)  in  DIM-14  and  SED  groups  compared  to  control  groups 
(Fig.  6).  Typical  properties  of  CSCs  include  their  capacities  for  self¬ 
renewal  and  differentiation,  in  vivo  tumorigenic  potential  and  resis¬ 
tance  to  chemotherapy.  The  stem  cell  self-renewal  marker  SOX2  ex¬ 
pressions  was  found  to  be  higher  in  control  tumor  lysates.  Treatment 
with  SED  formulation  resulted  in  significant  down  regulation  of  SOX2. 
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Fig.  5.  Effects  of  DIM- 14  solution  and  SED  onH1650stem  cell  orthotopic  lung  tumor  volume  (a);  tumor  weight  (b);  lung  tumor  tissues  (c);  mice  body  weight  (D).  Lung  weights  and  tumor 
volumes  were  determined  for  measurement  of  therapeutic  activity  of  the  treatments.  One-way  ANOVA  followed  by  post  Tukey  test  was  used  for  statistical  analysis.  P  <  0.05  ( *,  significantly 
different  from  untreated  controls;  **,  significantly  different  from  DIM-P  solution).  Data  presented  are  means  ±  SD  (n  =  12). 
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Fig.  6.  Western  blot  analysis  of  different  proteins  in  tumor  lysates  from  control-untreated  and  treated  groups.  Lane  1  =  control;  Lane  2  =  DIM-14  solution;  Lane  3  =  SED.  Protein 
expression  levels  (relative  to  (3-actin)  were  determined.  Mean  ±  SEM  for  three  replicate  determinations.  One-way  ANOVA  followed  by  post  Tukey  test  was  used  for  statistical  analysis. 
P  <  0.01  (*,  significantly  different  from  untreated  controls;  **,  significantly  different  from  single  treatments). 


The  relative  expressions  were  found  to  be  reduced  1.9  and  4.8  fold  sig¬ 
nificantly  in  DIM- 14  and  SED  formulations  respectively  compared  to 
untreated  control  tumor  lysates  (Fig.  6).  Also,  the  stem  cell  marker 
Nanog  indicated  the  promising  anticancer  effects  of  both  DIM-14  and 
SED  formulations.  Compared  to  untreated  control,  the  relative  expres¬ 
sion  of  Nanog  was  decreased  (2.4  and  5.5  fold)  in  DIM-14  and  SED 
groups  respectively;  SED  produced  2.8  fold  decreased  Nanog  expression 
compared  to  DIM-14  (Fig.  6).  The  expression  of  another  stem  cell  mark¬ 
er,  Oct4,  was  significantly  decreased  in  SED  formulation  compared  to 
untreated  control  and  DIM-14  treated  groups,  with  2.16  and  3.50  fold 
reduction  respectively  (Fig.  6).  The  expression  of  NF-KB  was  also  signif¬ 
icantly  down  regulated  in  both  DIM-14  and  SED  formulation  treated  tu¬ 
mors  (Fig.  6).  All  these  results  suggest  that  SED  formulation  showed 
superior  anticancer  effects  than  DIM-14  treated  groups,  suggesting  its 
superior  anticancer  activity. 


4.  Discussion 

DIM- 14,  in  its  native  state  exhibits  poor  aqueous  solubility  and  less 
oral  bioavailability  with  no  detectable  toxicity.  Different  analogs  of 
DIM  have  been  synthesized  in  order  to  enhance  its  clinical  usefulness 
[10,11,20-23].  However,  low  bioavailability  properties  of  these  DIMs 
preclude  their  translational  utility  outside  of  cultured  cells.  Various 
drug  delivery  approaches  using  carriers  aimed  at  increasing  oral  bio¬ 
availability  have  shown  some  promise  [24-27].  In  the  current  study, 
first  time  we  developed  DIM-14  into  a  self-emulsified  drug  delivery 


system  and  explored  its  ability  to  overcome  its  solubility  and  bioavail¬ 
ability  related  problems  [18,44]. 

For  development  of  SED  formulations,  the  selection  of  suitable  oil  is 
crucial  because  it  solubilizes  the  lipophilic  drug  and  increases  its  trans¬ 
port  via  the  intestinal  lymphatic  system,  thus  enhancing  its  absorption 
from  GIT.  Based  on  our  solubility  screening,  since  both  sesame  and 
corn  oil  had  the  maximum  solubility  for  DIM- 14,  Enova  oil  was  selected 
as  oil  phase  because  it  contains  higher  amount  of  triglycerides  with  me¬ 
dium  chain  fatty  acids;  which  have  lower  interfacial  tension,  better 
water  solubility  and  partitioning  ability  as  an  emulsifier  than  triglycer¬ 
ides  with  long  chain  fatty  acids  [28].  We  also  screened  various  non¬ 
ionic  surfactants  with  HLB  values  >10  for  their  efficiency  as  emulsifier 
and  Tween  20  (HLB  16)  was  selected  as  the  surfactant  for  preparation 
of  the  binary  mixture.  In  SED,  the  primary  means  of  self-emulsification 
assessment  were  visual  estimation  and  rate  of  emulsification  (index 
for  the  assessment  of  the  efficiency  of  emulsification).  The  emulsifica¬ 
tion  time  study  showed  that  the  optimized  formulation  employed 
could  emulsify  within  55  s  (rapidity  of  the  formulation).  The  SED  formu¬ 
lation  was  optimized  using  desirability  functions  such  as  droplet  size 
and  drug  release.  It  was  found  that  the  theoretical  (predicted)  and  ob¬ 
served  (experimental)  values  were  in  close  agreement.  Higher  values 
of  correlation  coefficient  (R2)  for  the  dependent  variables  indicated  a 
good  fit  for  SED  experimental  model. 

In-vivo  pharmacokinetic  analysis  with  the  desired  formulation  in 
dogs  showed  significantly  (P  <  0.05)  higher  absolute  oral  bioavail¬ 
ability  of  -25%  compared  to  DIM-14  solution.  The  increased  AUC 
and  Cmax  values  with  SED  formulation  demonstrated  the  superior 
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oral  performance  of  our  formulation  compared  to  drug  in  free  form. 
The  relative  bioavailability  of  the  SED  was  3  fold  higher  in  dogs  com¬ 
pared  to  DIM-14  alone.  These  support  the  hypothesis  that  SED  is  ef¬ 
fective  in  improving  the  oral  bioavailability  of  DIM- 14. 

The  plasma  concentration  of  the  DIM-14  solution  reached  Cmax 
within  360  min  after  oral  administration.  Compared  with  the  plasma 
concentration  profile  of  the  DIM- 14  solution,  the  plasma  concentration 
profile  of  the  SED  was  a  little  faster  during  the  first  120  min,  and  was 
stabilized  in  sustained  fashion  over  720  min,  followed  by  rapid  decline 
in  DIM-14  plasma  concentration,  resulting  in  sustained  release  effect 
of  SED  formulation.  Since  this  is  the  first  study  of  DIM-14  in  dogs,  we 
do  not  have  any  previous  information  on  bio-distribution  of  DIM-14 
but  we  observed  three  compartment  distribution  for  DIM-P  previously 
[18].  Oral  bioavaibility  of  DIM-5,  DIM-7,  DIM-8  and  DIM-12  was  found 
to  be  39, 30,  6  and  42%  respectively  by  De  Miranda  et  al.  [29].  Pharma¬ 
cokinetic  profile  for  all  of  them  was  found  to  be  similar  expect  DIM-8 
having  the  high  first  pass  metabolism.  The  time  for  each  DIMs  to  reach 
Cmax  (Tmax)  after  oral  gavage  administration  was  about  60  min  for 
DIM-8  and  120  min  for  all  others,  which  is  similar  to  DIM- 14.  Similarly, 
Clearance  as  a  function  of  bioavailability,  extrapolated  volume  of  distri¬ 
bution,  and  mean  resonance  time  were  dependent  on  DIMs  structure 
and  route  of  administration. 

In  the  present  case,  an  increase  in  the  AUC  of  DIM-14  was  observed 
with  SED  and  results  revealed  that  the  SED  significantly  promoted  and 
sustained  DIM-14  absorption.  One  unique  property  of  SED  is  that  it 
has  superior  absorption  in  the  gastrointestinal  tract  when  loaded  with 
lipophilic  drugs.  The  small  droplet  size  (in  the  range  of  500  nm)  of  the 
microemulsions  may  penetrate  the  absorption  site  via  the  transcellular 
pathway,  and  could  protect  the  drug  from  enzyme  degradation.  There¬ 
fore,  the  higher  bioavailability  of  DIM- 14  through  SED  may  be  due  to  the 
enhanced  absorption  through  the  lymphatic  pathway,  as  previously  re¬ 
ported  [30,31  ].  A  relatively  high  ratio  of  emulsifier  in  SED  may  also  con¬ 
tribute  to  the  increased  permeability  by  disturbing  the  cell  membrane 
[32], 

For  the  first  time  in  the  current  study,  we  evaluated  the  effect  of 
DIM-14  against  H650  lung  cancer  stem  cells.  This  evaluation  of  DIM- 
14  SED  as  potential  anticancer  agent  in  HI 650  lung  cancer  mice  model 
highlighted  the  significant  increase  in  anticancer  activity  in  SED  than 
that  of  the  DIM-14  solution.  This  is  expected  because  of  the  improved 
oral  absorption  and  increased  half-life  of  SED.  The  improved  oral  bio¬ 
availability  of  DIM-14  in  SED  is  further  complemented  by  the  increased 
apoptosis  compared  to  DIM-14  solution  at  the  same  dose  of  20  mg/kg. 

An  effective  therapeutic  approach  against  cancers  should  focus  on 
elimination  of  pool  of  CSCs  which  are  quiescent  or  slowly  replicating 
and  thus  more  resistant  to  apoptosis  induced  by  current  cytotoxic  regi¬ 
ments  [2].  So  far,  very  few  drugs  have  been  reported  to  exhibit  CSCs 
inhibitory  activity.  One  such  drug,  salinomycin,  a  potassium  ionophore 
used  as  an  agricultural  antibiotic,  reduced  the  proportion  of  CSCs  by 
more  than  100-fold  relative  to  paclitaxel  [3].  In  the  same  study, 
nigericin,  structural  similarity  to  salinomycin,  also  exhibited  selective 
toxicity  on  breast  CSCs,  suggesting  that  salinomycin  killing  CSCs  may 
be  due  to  its  action  as  a  potassium  ionophore  [3].  Metformin,  a  standard 
agent  for  diabetes,  selectively  killed  cancer  stem  cells  in  several  breast 
cancer  cell  lines  in  vitro  and  in  vivo  [4].  Unfortunately,  salinomycin  is 
very  toxic  to  humans  that  prevent  its  clinical  use  [33].  Metformin,  on 
the  other  hand,  is  not  very  potent;  against  CSCs  it  works  only  at  high 
concentrations  of  100-300  pM,  which  is  beyond  physiologically  achiev¬ 
able  limit.  This  served  as  the  basis  for  our  study  to  look  for  new  agents 
that  could  selectively  target  CSC. 

DIM-14  in  the  current  study  depicted  potential  anticancer  activities 
as  it  was  able  to  suppress  various  molecular  markers  associated  with 
cancer  expression.  Anticancer  activity  could  be  correlated  with  decrease 
in  the  levels  of  BCL-2  and  survivin  in  lung  cancer  stem  cell  tumor  animal 
models.  There  are  several  reports  suggesting  the  relation  between  CSCs 
and  BCL2  level.  Madjd  et  al.  [34]  showed  that  BCL-2  was  highly 
expressed  in  breast  CSCs  and  potentially  affects  the  chemo-resistance 


by  inducing  other  signaling  pathways  required  for  CSC  survival. 
Lagadinou  et  al.  [35]  reported  that  BCL-2  inhibition  reduced  oxidative 
phosphorylation  and  selectively  eradicated  quiescent  LSCs  (Leukemia 
stem  cells).  In  addition  to  BCL2  suppression,  inhibition  of  survivin  — 
an  inhibitor  of  apoptosis  protein,  could  potentiate  the  anticancer  activ¬ 
ity  of  DIM-14  and  SED.  Survivin  is  generally  highly  expressed  in  most 
cancers  and  expected  to  play  a  significant  role  in  chemotherapy  resis¬ 
tance,  increased  tumor  recurrence,  and  shorter  patient  survival  [36]. 

To  date,  very  little  is  known  regarding  how  Oct4,  Sox2  and  Nanog 
contribute  to  CSC  properties  at  the  molecular  level.  For  the  first  time 
we  report  the  effect  of  DIM  derivatives  on  expression  of  these  sternness 
factors.  DIM-14  was  found  to  efficiently  impair  the  growth  of  LCSCs  by 
reducing  the  expression  of  pluripotent  stem  cell  transcription  factors 
(Oct4,  Sox2,  Nanog).  These  factors  are  called  as  sternness  factor  because 
of  their  ability  to  determine  the  fate  to  stem  cells.  Inappropriate  time 
and  level  of  expression  of  these  transcription  factors  would  result  in 
cancer  stem  cells  rather  than  normal  pluripotent  stem  cells  or  differen¬ 
tiated  somatic  cells.  Upregulation  of  Oct4,  Sox2  and  Nanog,  is  correlated 
with  poor  survival  outcome  of  patients  with  various  types  of  cancer  [37, 
38].  Interestingly,  levels  of  inflammatory  marker  NF-kB  were  also  found 
to  be  decreased  in  DIM- 14  and  SED  treated  stem  cell  lung  cancer  model. 
This  indicates  that  DIM- 14  could  have  inhibited  the  inflammatory  path¬ 
way  necessary  for  transformation  and  lung  cancer  stem  cell  formation. 
Along  with  suppression  or  inhibition  of  all  above  mentioned  CSCs 
markers,  DIM  was  also  found  to  reverse  the  drug  resistance  of  CSC  as 
well  as  decrease  their  self-renewal  potential  of  CSC  in  several  carcinoma 
and  melanoma  cell  lines  [39].  Semov  et  al.  [39],  demonstrated  that  DIM 
is  a  selective  and  potent  inhibitor  of  CSCs  and  pre-treatment  of  tumor 
spheres  with  DIM  before  implantation  to  mice  significantly  retarded 
the  growth  of  primary  tumors  compared  to  tumors  formed  by  untreated 
tumor  spheres.  These  factors  make  DIM-14  a  potential  candidate  of 
choice  to  be  implemented  in  lung  cancer  prevention  and  therapy. 

Our  study  attains  significance  because  of  the  new  potential  applica¬ 
tions  attached  to  DIM-14  in  cancer  therapy.  The  unique  ability  of  DIM- 
14  to  eliminate  cancer  stem  cells  highlights  its  potential  to  use  as  a  me¬ 
dium  to  bring  about  a  dual  therapeutic  effect  when  combined  along 
with  conventional  cancer  treatment  regimen  consisting  chemothera¬ 
peutic  agents  or  irradiation.  While  a  bulk  of  cancer  non-stem  cells  in 
tumor  can  be  efficiently  eliminated  by  conventional  cytotoxic  agent  or 
by  irradiation,  DIM-14  can  selectively  eliminate  cancer  stem  cells.  This 
dual  therapeutic  treatment  of  cancers  by  application  of  DIM-14  along 
with  conventional  treatment  has  the  enormous  potential  to  rule  out 
the  development  of  chemo-resistance,  metastases  and  most  important¬ 
ly,  tumor  recurrence.  Thus  our  unique  in  vivo  model  successfully  estab¬ 
lishes  the  potential  application  of  DIM-14  to  inhibit  lung  cancer  stem 
cells  and  paves  ways  for  other  researchers  to  evaluate  its  application 
in  other  types  of  cancers  also. 

5.  Conclusion 

The  improved  oral  bioavailability  and  superior  anticancer  effect  of 
DIM-14  in  lung  cancer  model  through  the  self-emulsified  formulation, 
gives  a  novel  opportunity  and  technology  to  deal  with  poorly  water 
soluble  and  low  oral  bioavailable  drugs.  Based  on  superior  pharmacoki¬ 
netic  and  pharmacodynamic  profile,  DIM-14  can  be  a  potential  antican¬ 
cer  drug  to  treat/prevent  different  cancer  types  by  oral  administration. 
In  addition,  DIM- 14  SED  in  the  current  study  was  shown  to  be  effective 
against  lung  cancer  stem  cells  as  well.  In  conclusion,  this  unique  ap¬ 
proach  of  drug  formulation  has  numerous  industrial  applications  and 
provides  an  effective  alternative  to  deal  with  poorly  water  soluble,  gas¬ 
tric  acid  sensitive,  first  pass  metabolizing  drugs. 
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RESEARCH  ARTICLE 
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gambogic  acid  for  the  treatment  of  triple-negative  breast  cancer 
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Abstract 

Gambogic  acid  (GA)  is  a  naturally  derived  potent  anticancer  agent  with  extremely  poor 
aqueous  solubility.  In  the  present  study,  positively  charged  PEGylated  liposomal  formulation  of 
GA  (GAL)  was  developed  for  parenteral  delivery  for  the  treatment  of  triple-negative  breast 
cancer  (TNBC).  The  GAL  was  formulated  with  a  particle  size  of  1 07.3  ±  1 0.6  nm  with  +32  mV  zeta 
potential.  GAL  showed  very  minimal  release  of  GA  over  24  h  period  confirming  the  non¬ 
leakiness  and  stability  of  liposomes.  In  vitro  cytotoxicity  assays  showed  similar  cell  killing  with 
GA  and  GAL  against  MDA-MB-231  cells  but  significantly  higher  inhibition  of  HUVEC  growth  was 
observed  with  GAL.  Furthermore,  GAL  significantly  (p<0.05)  inhibited  the  MDA-MB-231 
orthotopic  xenograft  tumor  growth  with  >50%  reduction  of  tumor  volume  and  reduction  in 
tumor  weight  by  1.7-fold  and  2.2-fold  when  compared  to  GA  and  controls,  respectively.  Results 
of  western  blot  analysis  indicated  that  GAL  significantly  suppressed  the  expression  of  apoptotic 
markers,  bcl2,  cyclinDI,  survivin  and  microvessel  density  marker-CD31  and  increased  the 
expression  of  p53  and  Bax  compared  to  GA  and  control.  Collectively,  these  data  provide  further 
support  for  the  potential  applications  of  cationic  GAL  in  its  intravenous  delivery  and  its 
significant  role  in  inhibiting  angiogenesis  against  TNBC. 


Keywords 

Angiogenesis,  cationic  liposome,  enhanced 
permeation  and  retention,  gambogic  acid, 
triple-negative  breast  cancer 

History 

Received  2  October  2015 
Revised  18  November  2015 
Accepted  22  November  2015 


Introduction 

Currently,  patients  with  triple-negative  breast  cancer  (TNBC) 
have  neither  effective  targeted  therapy  nor  do  the  breast 
cancer  clinicians  have  a  biomarker  to  identify  aggressive  and 
recurrent  TNBC.  To  date,  TNBCs  are  managed  with  standard 
chemotherapy  but  consequently,  relapses  are  high  due  to 
acquired  resistance  and  over  522  000  deaths  per  year  from 
breast  cancer  worldwide  as  a  direct  result  of  this  disease  (Tao 
et  al.,  2014).  TNBC  accounts  for  15%  of  all  invasive  breast 
cancers.  It  is  a  higher  grade  cancer  and  occurs  at  higher  rates 
in  young  and  African-American  women  (Palmer  et  al.,  2014). 
Moreover,  unlike  the  other  type  of  solid  tumor,  TNBC 
patients  have  susceptibility  toward  the  development  of 
visceral  metastases  early  in  the  course  of  the  disease. 
Developments  of  effective  approaches  with  improved  treat¬ 
ment  potential  against  these  cancers  are  critical  as  the  survival 
rate  of  patients  with  metastatic  TNBC  is  very  few  months 
(Bonotto  et  al.,  2014).  Very  poor  prognosis  and  limited 
treatment  options  due  to  lack  to  typical  breast  cancer  markers 
are  the  two  basic  factors  compromising  the  cure  of  TNBC 
today.  Therefore,  there  is  an  urgent  need  to  develop  new  drugs 
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or  novel  formulation  strategy  to  potentiate  the  therapeutic 
outcome  to  combat  TNBC. 

Gambogic  acid  (GA)  is  a  recently  explored  polyprenylated 
xanthene  from  the  Garcinia  hanhurryi  tree  for  its  multiple 
therapeutic  actions.  GA  has  demonstrated  significant  antic¬ 
ancer  activity  against  various  cancers,  both  in  vitro  and  in  vivo 
conditions  (Wang  &  Chen,  2012).  GA  was  reported  to  act  via 
multiple  mechanisms  promoting  the  tumor  growth  which 
involves  apoptosis,  cell  cycle  arrest,  telomerase  inhibition, 
anti-angiogenesis  activity  and  an  anti-metastasis  effect 
(Zou  et  al.,  2012).  Lu  et  al.  (2007)  have  reported  that  GA 
possesses  both  anticancer  and  anti-angiogenesis  activity.  As 
like  other  potent  natural  origin  anticancer  drugs  (paclitaxel, 
doxorubicin,  camptothecin,  etc.),  in  future  GA  could  transfer 
to  clinical  studies. 

The  major  hurdle  for  clinical  application  of  GA  would  be 
its  extremely  poor  water  solubility  (<5ppm)  and  very  short 
biological  half-life  (less  than  1  h  in  dogs  and  less  than  20  min 
in  rats)  (Liu  et  al.,  2006).  It  has  been  demonstrated  that,  by 
using  surfactant  micelles,  the  solubility  of  GA  was  increased 
and  which  results  in  enhanced  in  vivo  anticancer  activity.  For 
preclinical  studies,  it  has  served  the  purpose  but  such 
surfactant  have  one  or  the  multiple  side  effects,  such  as  life- 
threatening  hypersensitivity  reactions,  vascular  stimulation, 
hemolytic  toxicity,  neurotoxicity,  nephrotoxicity  and  cardio- 
toxicity,  which  discourage  its  application  for  the  clinical 
purpose  (Qi  et  al.,  2008b).  Similar  problems  are  observed 
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with  the  existing  taxane  formulations,  and  extensive  research 
has  been  carried  out  to  develop  a  safe  and  effective  parenteral 
formulation  with  extended  half-life. 

PEGylated  liposomes  could  be  the  most  suitable  formula¬ 
tion  approach  for  parenteral  delivery  of  GA  because  of 
lipophilic  nature  of  GA  and  superior  in  vivo  biocompatibility 
of  PEGylated  liposomes  (Adlakha-Hutcheon  et  al.,  1999; 
Chang  &  Yeh,  2012).  The  liposomal  formulation  is  a  safe, 
industry  feasible  and  therapeutically  superior  alternative  to 
solvent  and  surfactant-based  formulation  approach.  There  are 
several  reports  on  supporting  encapsulation  of  various 
anticancer  drugs  (doxorubicin,  mitoxantrone,  paclitaxel, 
docetaxel,  etc.)  into  liposomes  (Immordino  et  al.,  2006; 
Deshpande  et  al.,  2013).  Many  liposomal  drugs  are  already 
approved  for  clinical  formulations,  such  as  AmBisome®, 
Doxil®,  DaunoXome®  and  Marqibo®  while  others  are  under 
clinical  trial  (Chang  &  Yeh,  2012).  Nanocarriers-based 
solubilization  approach  is  preferred  over  other  approaches 
because  of  additional  advantages  of  nanocarriers  in  facilitat¬ 
ing  tumor  uptake  of  the  drug.  Nanocarriers  are  passively 
accumulated  into  tumor  because  of  enhanced  permeation  and 
retention  (EPR)  effect  of  leaky  neovasculature  of  the  tumor 
which  minimizes  the  off-target  side  effects  of  the  anticancer 
drugs.  Doxorubicin-loaded  liposomes  showed  a  significant 
reduction  in  cardiotoxicity  side  effect  of  the  drug  and  provides 
better  therapeutic  effect  at  a  low  dose  (Xing  et  al.,  2015). 
Surface  PEGylation  plays  a  crucial  role  in  prolonging  the 
circulation  life  of  cationic  liposome  in  blood  circulation.  It 
helps  in  two  ways;  enhance  the  probability  of  accumulation 
into  the  tumor  by  EPR  effect  and  provide  prolong  exposure  of 
drug  to  cancer  cells.  It  has  also  been  demonstrated  that 
positively  charged  nanocarriers  were  preferentially  bound  to 
angiogenic  blood  vessels  of  the  tumor  and  enhances  intracel¬ 
lular  uptake  of  the  drug  in  cancer  cells  (Sawant  &  Torchilin, 
2012).  Due  to  more  negative  charge  of  neovasculature 
compared  to  healthy  vasculature,  cationic  PEGylated  lipo¬ 
somes  will  be  of  paramount  significance  to  target  the  tumor 
more  efficiently.  Endothelial  cells  targeting  of  tumor  can  be 
achieved  without  anchoring  a  ligand  on  the  liposomal  surface. 
Targeting  tumor  endothelium  could  help  in  inhibiting  the 
tumor  growth  at  a  reduced  dose.  GA  is  an  ideal  candidate  for 
cationic  PEGylated  delivery  because  it  has  both  anticancer 
and  antiangiogenic  effects.  Such  surface  modifications  are 
very  facile  in  liposomal  formulation  compared  to  other  type 
of  nanocarriers. 

In  the  present  study,  GA-loaded  positively  charged 
PEGylated  liposomes  were  developed  and  characterized  for 
parenteral  delivery  of  GA  and  to  achieve  tumor  neovascu¬ 
lature  specific  delivery.  The  formulation  could  be  a  poten¬ 
tially  viable  clinical  approach  for  the  treatment  of  TNBC. 

Materials  and  methods 
Chemicals  and  drugs 

GA  was  purchased  from  Santa  Cruz  Biotechnology  (Ann 
Arbor,  MI)  and  dimethyl  sulfoxide  (DMSO)  was  purchased 
from  Sigma- Aldrich  (St.  Louis,  MO).  Fetal  bovine  serum 
(FBS)  from  Invitrogen  (Grand  Island,  NY)  and  an  antibiotic 
mixture  containing  penicillin  (5000  U/ml),  streptomycin 
(0.1  mg/ml)  and  neomycin  (0.2  mg/ml)  from  Sigma- Aldrich. 


PEGylated  liposomes  for  delivery  of  gambogic  acid  1233 

Dulbecco’s  modified  Eagle’s  medium  (DMEM)/F-12  medium 
from  Invitrogen  and  HUVEC  cells  and  other  cell  culture 
materials  like  endothelial  growth  media  and  growth 
factors  were  purchased  from  Lonza  (Basel,  Switzerland). 
N-[l-(2,3-dioleoyloxy)propyl]-N,  N,  N-trimethylammonium 
methyl-sulfate  (DOTAP),  dipalmitoyl  phosphatidylcho¬ 
line  (DPPC)  and  N-(carbonyl-methoxy  polyethylene 
glycol  2000)- 1 ,2-distearoyl-sn-glycero-3 -phosphoethanolamine, 
sodium  salt  (DSPE-PEG-2000)  were  purchased  from  Lipoid 
(Ludwigshafen,  Germany). 

HPLC  analysis 

HPLC-UV  method  was  developed  to  analyze  GA  for  release 
studies.  Chromatographic  separation  was  achieved  on  Waters 
717  instrument  equipped  with  a  Waters  symmetry  (250  mm/ 
4. 6  mm/5  pm)  column  using  ACN:phosphate  buffer  pH  3 
(90:10)  as  mobile  phase  with  a  flow  rate  of  1  ml/min,  detected 
at  290  nm.  The  retention  time  of  GA  was  14.7  ±0.15  min. 

Cell  culture 

MDA-MB-231,  Hep  G2  and  MIA  PaCa-2  cells  were  obtained 
from  American  Type  Culture  Collection  and  maintained  in 
DMEM  (Sigma-Aldrich)  nutrient  mixture  supplemented  with 
10%  FBS  and  antibiotic-antimycotic  mixture  comprising 
penicillin  (5000  U/ml),  streptomycin  (0.1  mg/ml)  and  neo¬ 
mycin  (0.2  mg/ml)  at  37  °C.  When  cells  became  approxi¬ 
mately  80-90%  confluent,  cells  lines  were  subcultured  with 
0.25%  trypsin-EDTA  (Invitrogen). 

Animals 

Female  Nu/Nu  mice  (six-weeks  old  from  Harlan, 
Indianapolis,  IN)  were  grouped  and  housed  (n  =  5  per  cage) 
in  sterile  microisolator  caging  unit  supplied  with  autoclaved 
Tek-Fresh  bedding.  The  animals  were  housed  at  Florida  A&M 
University  in  accordance  with  the  standards  of  the  Guide  for 
the  Care  and  Use  of  Laboratory  Animals  and  the  Association 
for  Assessment  and  Accreditation  of  Laboratory  Animal  Care. 

Preparation  and  characterization  of  liposomes 
containing  gambogic  acid  (GAL) 

Different  batches  of  GAL  were  prepared  using  ethanol 
injection  -  ultrasonication  method.  Briefly,  GA,  DPPC, 
cholesterol,  DOTAP  and  DSPE-PEG  2000  in  1:14:6:2:0.6 
molar  ratios  were  dissolved  in  absolute  ethanol  and  injected 
into  water  at  55  °C  with  constant  stirring.  After  a  minute,  the 
mixture  was  sonicated  for  2  min  using  a  probe  sonicator  at 
400  W,  30%  amplitude  (Branson,  Danbury,  CT)  to  reduce  the 
particle  size.  Liposomes  were  further  stirred  for  1  h  at  55  °C 
to  evaporate  the  ethanol.  The  weight  ratio  of  GA  to 
phospholipids  was  varied  to  optimize  the  GA  loading  and 
particle  size.  We  have  used  the  lowest  amount  of  ethanol 
because  ethanol  is  difficult  to  evaporate  and  affect  the  long¬ 
term  physical  stability  of  liposomes.  Further,  sonication  was 
done  to  achieve  particle  size  around  100  nm.  Release  study  of 
GA  loaded  liposomes  and  GA  solution  in  DMSO  was  carried 
out  by  dialysis  bag  method.  Drug  release  study  was  performed 
at  37  °C  under  shaking  (100  rpm)  which  was  monitored  using 
a  dialysis  bag  containing  phosphate-buffered  saline  (PBS) 
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with  the  addition  of  0.5%  Tween-80  as  a  sink  solution  at  pH 
7.4.  GA  solution  was  prepared  by  dissolving  20  mg  of  GA  in 
1  ml  of  ethanol: Tween- 80  (1:1)  solution.  For  animal  study,  it 
was  diluted  appropriately  with  water  for  injection.  Data  are 
calculated  from  triplicate  experiments  and  presented  as  mean, 
and  error  bars  refer  to  SD. 

In  vitro  cytotoxicity  of  GA  and  GAL 

MDA-MB-231,  HepG2  and  MIA  Paca-2  cells  were  seeded  at 
a  density  of  10  000  cells/well  in  96- well  plates  and  allowed  to 
adhere  for  24  h.  Cells  were  exposed  to  different  concentration 
of  GA  and  GAL  for  48  h  in  triplicate.  Cytotoxicity  was 
assessed  at  the  end  of  drug  exposure  using  crystal  violet  assay. 
Absorbance  was  measured  at  545  nm  using  a  microplate 
reader  (ChroMate  4300,  Palm  city,  FL).  Untreated  cells  were 
used  as  control  and  results  were  expressed  as  the  relative 
percentage  of  absorbance  compared  to  control.  Half-maximal 
inhibitory  concentration  (IC50)  was  calculated  using  Sigma 
Plot  software,  version  9.0  (SYSTAT  Software,  San  Jose,  CA). 

Western  blot  analysis 

For  in  vitro  experiments,  3.2  pm  of  GA  and  3.8  pm  of  GAL 
were  used  to  prepare  protein  lysates  for  immunoblotting.  The 
dose  of  GA  10  mg/kg  was  used  for  all  the  in  vivo  experiments. 
Protein  samples  for  western  blot  analysis  were  extracted  from 
MDA-MB-231  cells  and  tumor  tissues  by  using  RIPA  lysis 
buffer  according  to  Godugu  et  al.  (2014).  Protein  concentra¬ 
tion  was  estimated  by  using  BCA  protein  assay  reagent  kit. 
Equal  amounts  of  50  pg  protein  from  different  groups  were 
denatured  by  heating  for  5  min  in  SDS  sample  buffer  and 
protein  samples  were  separated  by  10%  SDS-PAGE.  The 
protein  samples  separated  on  SDS-PAGE  were  transferred  to 
nitrocellulose  membranes  for  immunoblotting.  After  block¬ 
ing,  the  membranes  were  incubated  with  skim  milk  (5%  skim 
milk  in  10  mm  Tris-HCl  (pH  7.6),  150  mm  NaCl  and  0.5% 
Tween-20)  and  probed  with  primary  antibodies.  The  primary 
antibodies  such  as  bcl-2,  survivin,  Bax,  cyclin  Dl,  p53,  CD31 
and  (3-actin  were  used  in  1:1000  dilutions.  The  horse  radish 
peroxidase  (HRP)-conjugated  secondary  antibodies  were 
used.  Evaluation  of  expression  of  each  protein  was  calculated 
in  comparison  to  the  expression  of  [3-actin. 

Analysis  of  miR-224  and  miR-34b  expression 

MDA-MB-231  cells  were  treated  with  GA  (3.2  pm)  and  GAL 
(3.8  pm)  for  microRNA  analysis.  miR-224  and  34b  expression 
was  carried  out  using  2  pg  of  total  RNA  for  polyadenylation 
reaction  analysis  according  to  the  manufacturer’s  protocol 
(ABI  Systems,  Green  Island,  NY).  At  37  °C  for  30  min,  the 
reaction  mixture  was  incubated  and  the  reaction  tubes  were 
immediately  transferred  to  the  ice  to  proceed  for  first- strand 
cDNA  synthesis  (ABI  Systems)  according  to  the  manufac¬ 
turer’s  protocol.  The  target  transcript  levels  (miR-224  and 
miR-34b)  were  normalized  against  U6  snRNA  expression. 
Untreated  cells  were  used  as  a  control  and  compared  the 
expression  level  of  these  miRNA’s  to  the  control  samples 
according  to  the  Doddapaneni  et  al.  (2013).  The  data  of  qRT- 
PCR  are  expressed  as  the  mean  ±  standard  deviation  (SD).  All 
the  experiments  were  carried  out  in  triplicates. 


In  vitro  HUVEC  tube  formation  assay 

HUVECs  were  grown  in  epithelial  basal  medium  supple¬ 
mented  with  10%  FBS  at  37  °C  and  5%  C02.  Keeping  24- 
well  culture  plates  on  the  ice,  added  chilled  corning 
matrigel  matrix  (10  mg/ml)  according  to  the  manufacturer’s 
instructions.  Briefly,  plates  were  incubated  at  37  °C  for  30- 
60  min.  The  remaining  liquid  was  carefully  removed 
(medium)  from  the  cultureware  without  disturbing  the 
layer  of  corning  matrigel  matrix  just  before  use. 
Endothelial  cell  suspensions  was  prepared  by  trypsinization 
and  resuspending  the  cells  in  culture  medium  at  4  x  105 
cells/ml.  In  order  to  study  the  effect,  GA  and  GAL  were 
added  to  the  wells.  HUVECs  were  suspended  in  EGM-2 
medium  containing  various  growth  factors  and  drugs  were 
seeded  onto  the  matrigel.  The  effect  of  DTX  on  angiogen¬ 
esis  was  also  evaluated  as  a  positive  control  by  tube 
formation  assay.  After  12  h,  cells  were  labeled  by  adding 
300pl/well  of  8pg/ml  corning  calcein  AM  in  Hank’s 
balanced  salt  solution  and  plates  were  incubated  for  30  min 
at  37  °C,  5%  C02.  The  cells  were  washed  twice  with  PBS 
and  photographed.  Tube  formation  was  calculated  as 
follows:  a  three  branch  point  event  was  taken  as  one  tube 
and  percentage  inhibition  expressed  using  untreated  wells  at 
100%.  This  assay  was  repeated  three  times. 

Anticancer  studies  in  MDA-MB-231  cells  induced 
breast  cancer  models 

Triple-negative  MDA-MB-231  breast  carcinoma  subcutane¬ 
ous  xenograft  model  was  used  for  anticancer  evaluations  of 
GA  PEGylated  liposomes.  MDA-MB-231  cells  (1  million  in 
100  pi  of  phosphate  buffer)  were  subcutaneously  injected  into 
the  right  flank  of  the  mice.  Two  weeks  after  the  tumor  cells 
implantation,  GA  and  GAL  treatment  was  started  and  tumor 
sizes  were  measured  using  vernier  caliper.  At  the  time  of  the 
first  dose  of  drug  administration,  the  tumor  volumes  were 
approximately  100  mm3.  Mice  were  randomly  divided  into 
three  groups  (n  =  6  for  each  group)  to  receive  IV  injection  of 
saline  (control  group),  GA  solution  (10  mg/kg)  and  GAL 
(10  mg/kg).  The  therapy  was  continued  six  times  at  2  d 
intervals  through  IV  injection.  The  greatest  longitudinal 
diameter  (length)  and  the  greatest  transverse  diameter  (width) 
were  measured.  Tumor  volumes  were  monitored  every 
alternate  day  till  the  termination  of  the  study. 

Immunohistochemistry  of  CD31  expression  in 
xenograft  breast  tumor  model 

Paraffin-embedded  tumor  tissues  were  deparaffinized  and 
blocked  for  peroxidase  activity  for  CD31  expression.  Washed 
specimens  with  PBS  twice,  then  specimens  were  incubated  in 
normal  goat  serum  according  to  the  manufacturer’s  instruc¬ 
tions  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA).  The 
section  slides  were  washed  with  PBS  twice  and  incubated 
with  primary  antibody  against  CD31  overnight  at  4°C.  The 
HRP-conjugated  secondary  antibody  was  applied  to  locate  the 
primary  antibody  (Santa  Cruz  Biotechnology).  After  three 
washes  with  PBS,  the  section  slides  were  stained  with  Nova 
Red  stain  and  counterstained  with  hematoxylin.  The  Olympus 
BX40  light  microscope  equipped  with  a  computer-controlled 
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digital  camera  (DP71,  Olympus  Center  Valley,  PA)  was  used 
to  visualize  the  images  on  the  slides. 

Statistics 

All  data  are  presented  as  the  mean  ±  SD  or  mean  ±  standard 
error  of  mean  (SEM).  The  significance  of  the  difference  in 
treatment  groups  was  determined  using  one-way  ANOVA  and 
Tukey’s  multiple  comparison  test  using  GraphPad  prism 
version  5.0  (San  Diego,  CA),  where  the  value  of  p<0.05 
between  the  groups  was  considered  as  statistically  significant 
difference  between  these  groups. 

Results 

Preparation,  characterization  and  in  vitro  drug  release 
profile  of  liposomes 

Different  batches  of  GAL  were  prepared  using  ethanol 
injection  -  ultrasonic ation  method.  Particle  size,  entrapment 
efficiency  and  drug  loading  were  optimized.  Finally,  opti¬ 
mized  batch  of  GAL  had  a  particle  size  of  107.3  ±  10.6  nm 
and  0.158  polydispersity  index.  The  surface  charge  of  GAL 
was  positive  with  an  average  zeta  potential  of  +  32  mV.  Gel 
permeation  chromatography  showed  92.1  ±2.7%  entrapment 
efficiency  of  GA  within  liposomes.  Drug  loading  did  not 
show  a  remarkable  difference  in  particle  size.  However, 
liposomes  prepared  with  more  than  10%  w/w  GA  loading  and 
1.5  mg/ml  final  GA  concentration  were  not  stable  for  more 
than  2  h  at  room  temperature.  The  in  vitro  release  behavior  of 
the  GAL  is  shown  in  Figure  1.  GA  solution  showed  the 
immediate  and  complete  release  of  GA  in  release  medium 
within  1  h.  GAL  showed  much  sustained  and  minimal  release 
of  GA.  Only  11.65%  of  GA  release  was  observed  over  the 
period  of  24  h. 

In  vitro  cytotoxicity  of  GA  and  GAL 

In  vitro  cytotoxicity  studies  with  GA  against  MDA-MB-231, 
Hep  G2  and  MIA  PaCa-2  cells  showed  IC50  values  of 
3.2  ±0.28,  4.06  ±0.41  and  5.29  ±0.53  pm,  respectively 
(Table  1).  The  GAL  treated  MDA-MB-231,  HepG2  and 
MIA  PaCa-2  cells  were  showed  IC50  values  of  3.8  ±0.34, 
4.35  ±0.48  and  5.61  ±0.30  pm,  respectively.  All  three  cell 
lines  showed  more  potency  toward  GA  and  GAL  with  little 


Figure  1.  In  vitro  release  profile  of  GA  and  GAL.  GAL  showed  very 
minimal  release  of  GA  in  48  h. 
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variations  between  their  potencies.  There  was  no  significant 
difference  between  cytotoxicity  of  GA-free  drug  and  GAL 
because  permeability  was  similar  for  both  free  drug  and 
liposome.  Highly  metastatic  MDA-MB-231  human  carcinoma 
cells  were,  however,  selected  for  further  studies  as  an  in  vitro 
model  to  study  the  effect  of  GA  and  GAL  on  TNBC. 

Analysis  of  apoptotic  and  survival  markers 

Western  blot  analysis  of  the  antiapoptotic  marker  bcl-2 
significantly  (p<0.01)  down  regulated  in  GAL-treated  cells 
when  compared  to  untreated  control  and  GA-free  drug-treated 
cells  (Figure  2 A  and  B).  As  shown  in  Figure  2B,  expression  of 
bcl-2  was  found  to  be  reduced  (1. 33-fold)  in  comparison  to 
untreated  control  cells.  The  GAL  resulted  in  a  0.81 -fold 
higher  repression  in  the  bcl-2  expression  compared  to  GA- 
free  drug,  suggesting  the  superior  anticancer  effects  of  GAL 
in  breast  cancer.  The  expression  of  survivin  protein  was 
significantly  (p<0.05)  decreased  (0.72  and  1. 25-fold)  in  GA- 
free  drug  and  GAL-treated  cells  compared  to  control  cells, 
respectively  (Figure  2B).  The  cell  proliferating  related  protein 
cyclin  D1  expressions  were  found  to  be  higher  in  MDA- 
MB-231  control  lysates.  On  treatment  with  GAL  formulation, 
cyclin  D1  was  significantly  (/?<0.01)  down  regulated.  The 
relative  expressions  of  cyclin  D1  were  found  to  be  reduced 
0.51  and  0.71-fold  significantly  in  GA-free  drug  and  GAL 
formulations,  respectively  compared  to  untreated  control 
lysates  (Figure  2B).  The  relative  expression  of  p53  was 
increased  in  GA-free  drug-  (1. 08-fold)  and  GAL-  (2.30-fold) 
treated  cells  compared  to  control.  In  GA-  and  GAL-treated 
groups,  Bax  expression  was  increased  significantly  (p<0.01) 
compared  to  untreated  control  cells,  thus  highlighting  the 
potential  of  GAL  inducing  apoptosis  in  breast  cancer  cells 
(Figure  2B). 

Real-time  PCR  analysis 

The  study  was  carried  out  to  gain  additional  insights  into  the 
mechanisms/crucial  factors  regulating  GA  and  GAL  induced 
anticancer  effects.  We  examined  the  expression  pattern  of 
miR-224  and  miR-34b  in  MDA-MB-231  cells.  A  down- 
regulation  of  miR-224  (Figure  3)  and  up-regulation  of 
miR-34b  (Figure  3)  expression  was  observed  in  cells  treated 
with  GA  and  GAL.  As  our  primary  data,  the  miR-224  was 
downregulated  (1-fold)  and  miR-34  was  up-regulated  (1.7- 
fold)  significantly  (p<  0.05)  in  cells  treated  with  GAL  as 
compared  with  control  cells  which  were  treated  with  PBS 
(Figure  3).  However,  miR-34b  expression  was  significantly 


Table  1.  IC50  values  of  MDA-MB-231,  Hep 
G2  and  MIA  PaCa-2  cells  treated  by  GA  and 
GAL  for  48  h.  Data  represent  mean  ±  SD 
(n  =  3). 


Cell  lines 

IC  50  (pm) 

GA  MDA-MB-231 

3.2  ±0.28 

GA  Hep  G2 

4.06  ±0.41 

GA  MIA  PaCa-2 

5.29  ±0.53 

GAL  MDA-MB-231 

3.8  ±0.34 

GAL  Hep  G2 

4.35  ±0.48 

GAL  MIA  PaCa-2 

5.61  ±0.30 
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(p<0.05)  increased  compared  to  control.  Thus,  these  findings 
espouse  the  role  of  miR-224  and  miR-34  in  GA  induction  of 
anticancer  effects. 

Anti-angiogenic  effect 

Compared  to  control  group,  a  decrease  in  capillary  tube 
branch  point  formations  were  observed  in  GA  and  GAL  group 
(Figure  4C  and  D).  We  observed  that  an  extensive  mesh  work 
of  branched  capillary-like  tubules  having  multicentric  junc¬ 
tions  in  the  control  group  (Figure  4A).  GAL  (Figure  4D) 
showed  remarkable  inhibition  of  branching  point  of  HUVEC 
at  as  low  as  50  nm  concentration  compared  with  docetaxel 
(Figure  4B).  Effect  of  GAL  was  more  pronounced  with  >90% 
inhibition  of  branching  point  compared  to  control  while 


positive  control  docetaxel  (20  nm)  showed  80.0%  inhibition 
(Figure  4E). 

Antitumor  activity  of  GA  and  GAL  in  vivo 

The  in  vivo  antitumor  efficacy  of  GAL  was  investigated  in 
MDA-MB-231  orthotropic  xenograft  tumor-bearing  nude 
mice  and  compared  with  GA  solution.  As  illustrated  in 
Figure  5 A  and  B,  the  treatment  group  showed  significant 
tumor  growth  inhibition  compared  to  the  control  group.  In 
particular,  the  tumor  volumes  in  the  GAL  group  were  much 
smaller  than  those  of  GA  solution  group  (p<  0.05),  indicating 
a  statistically  improved  antitumor  effect  of  GAL  compared  to 
the  free  drug  group.  Compared  to  untreated  control  groups, 
1.31-  and  2.0-fold,  respective  decrease  in  the  tumor  volume  in 
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Figure  2.  Determination  of  protein  expression  levels  by  western  blot.  (A)  Expression  of  bcl2,  survivin,  Bax,  cyclin  D1  and  p53  in  comparison  to  the 
control  P-actin  in  GA-  and  GAL-treated  MDA-MB-231  cells  by  western  blot.  Untreated  cells  were  used  as  control.  (B)  Western  blot  analysis  of 
expression  of  different  proteins  up/downregulated  significantly  in  GAL  treated  cells.  Data  are  calculated  from  triplicate  experiments  and  presented  as 
mean,  and  error  bars  refer  to  SD,  *;?<0.05,  **p<0.01  compared  with  control. 
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Figure  3.  Quantification  of  microRNA-224  and  microRNA-34b  expression  by  real-time  PCR.  MDA-MB-231  cells  were  treated  with  GA  and  GAL  and 
quantified  the  expression  of  miR-224  and  miR-34b.  Each  experiment  was  performed  in  triplicate.  The  expression  level  of  each  gene  was  normalized  by 
snRNA  and  then  compared  to  control  cells.  The  means  of  the  normalized  microRNA  expression  values  were  calculated  for  each  time  point  and 
expressed  as  relative  fold  changes  (mean±SD).  *p<  0.05,  compared  with  control. 
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Figure  4.  Effect  of  GA  and  GAL  on  angiogenesis  by  tube  formation  assay.  HUVEC  cells  were  treated  with  (A)  no  treatment,  control  (B)  Docetaxel  (C) 
GA  and  (D)  GAL  at  indicated  concentrations  and  docetaxel  used  as  a  positive  control.  (E)  Analysis  of  percentage  inhibition  of  angiogenesis  by 
calculating  branch  points  in  GA  and  GAL-treated  cells.  Data  are  calculated  from  triplicate  experiments  and  presented  as  mean,  and  error  bars  refer  to 
SD,  *p  <  0.05  compared  with  control. 


Figure  5.  In  vivo  efficacy  of  GA  and  GAL.  (A)  Tumor  growth  kinetics  with  dosing  every  other  day  for  five  times.  (B)  Relative  tumor  weight  of  mice 
after  the  treatment.  Data  are  expressed  as  mean±SEM  (n  =  6).  <0.05  compared  with  control. 


GA-free  drug  and  GAL-treated  tumor  groups  was  observed 
(Figure  5A).  Similarly,  the  tumor  weights  of  mice  treated  with 
GAL  were  significantly  (p  <  0.05)  lower  compared  to  GA-free 
solution  (Figure  5B).  There  was  no  statistically  significant 
change  in  the  body  weights  of  the  animals  treated  with  GA 
(25  ±2.3  g)  and  GAL  (25  ±1.9  g)  groups,  suggesting  the 
safety  of  the  GA  and  GAL. 

Antitumor  and  anti-angiogenic  effects  of  GA  and  GAL 
in  xenograft  breast  tumors 

Next,  we  conducted  the  mechanistic  studies  to  confirm  the 
superior  anticancer  effects  of  GAL  compared  to  GA-free 
drug-treated  groups  in  vivo  (Figure  6).  As  shown  by  western 
blot  analysis  in  Figure  6,  in  GA-free  drug  and  GAL  groups, 
Bcl-2  expressions  were  found  to  be  decreased  (0.9  and 


1.6-fold)  significantly  (p<0.01),  respectively  compared  to 
untreated  control  tumors.  The  GAL  produced  0.7-fold  higher 
repression  in  the  bcl-2  expression  compared  to  GA-free  drug, 
suggesting  the  superior  anticancer  effects  of  GAL  in  breast 
cancer.  Similarly,  the  cell  survival  marker  survivin  expression 
was  also  significantly  (p<0.05)  down  regulated  to  0.6-  and 
1.79-fold  in  GA-free  drug  and  GAL  groups  compared  to  the 
control  group,  respectively  (Figure  6).  In  regressed  tumors, 
the  GA  and  GAL  treatments  significantly  (p  <0.05)  decreased 
cyclin  D1  expressions  to  a  0.8-  and  1.4-fold,  respectively,  of 
controls.  The  tumor  suppressor  protein  p53  levels  also 
indicated  the  promising  anticancer  effects  of  GA  in  both 
free  drug  and  liposome  formulations.  GA  and  GAL-treated 
groups  significantly  (p<  0.05)  increased  p53  expression  to 
1.51  and  2.36-fold,  in  regressed  tumor  samples  compared  to 
control.  Similarly,  the  expression  of  Bax  also  increased 
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Figure  6.  In  vivo  apoptotic  activity  of  GA  and  GAL  in  Balb/c  nu/nu  mice  by  western  blot.  (A)  Expression  of  Bcl2,  survivin,  Bax,  cyclin  Dl,  p53  and 
CD31  in  comparison  to  the  control  P-actin  in  GA  and  GAL-treated  tumor  tissues  by  western  blot.  The  untreated  animal  group  were  maintained  as 
control.  (B)  Western  blot  analysis  of  expression  of  different  proteins  up/downregulated  in  GA-treated  cells.  Data  are  calculated  from  triplicate 
experiments  and  presented  as  mean,  and  error  bars  refer  to  SD,  *p<  0.05,  **/?<0.01  compared  with  control. 


Figure  7.  Analysis  of  CD31  expression  by  immunohistochemistry.  Immunohistochemical  peroxidase  staining  of  CD31  in  xenograft  breast  tumors  of 
(A)  Control,  (B)  GA  and  (C)  GAL  treatment  groups.  Presence  of  dark  stain  indicated  positive  staining  for  the  primary  antibody. 


significantly  (p  <  0.01)  in  GAL-treated  groups  than  GA-free 
drug  and  control,  thus  providing  the  further  evidence  that 
GAL  inducing  apoptosis  of  breast  cancer  cells  through  bcl2/ 
Bax.  CD31  (platelet  endothelial  cell  adhesion  molecule- 1) 
expression  was  significantly  (p<0.01)  decreased  in  GAL- 
treated  group  than  control  or  GA-treated  group  (Figure  6). 

Further,  the  expression  of  CD31  was  also  confirmed  by 
immunohistochemistry.  The  highest  expression  of  CD31  was 
seen  in  tumor  tissues  harvested  from  untreated  mice 
(Figure  7A).  Decreased  CD31  staining  was  observed  in 
tumors  treated  with  GAL  (Figure  7C)  compared  to  tumors 
treated  with  GA  alone  (Figure  7B).  All  these  results  revealed 
that  GA  in  free  drug  form  and  in  liposome  form  significantly 
produced  anticancer  effects.  Moreover,  GAL  formulation 
showed  better  anticancer  and  antiangiogenic  effects  than  GA- 
free  drug  treated  groups,  which  suggest  the  superior  antic¬ 
ancer  potential  of  our  liposome  formulation. 

Discussion 

Breast  carcinoma  is  the  leading  cause  of  cancer-related  death 
in  women.  The  poor  prognosis  in  breast  carcinoma  is  due  to 


its  resistance  to  current  therapies  and  to  tumor  metastasis 
(Andre  &  Zielinski,  2012).  Development  of  an  effective 
chemotherapeutic  agent  with  the  potential  to  trigger  cancer 
cell  death  to  prevent  tumor  invasion  and  metastasis  is  highly 
essential  to  prevent  this  form  of  cancer.  Although  GA  potency 
as  an  anti-tumor  agent  has  been  demonstrated  (Zou  et  al., 
2012),  the  antitumor  and  antiangiogenic  activities  of  GAL 
have  not  been  explored  yet.  To  the  best  of  our  knowledge,  this 
is  the  first  study  concerning  the  use  of  GA  loaded  in  cationic 
liposomes  in  TNBC  therapy  in  vivo. 

The  high  amount  of  organic  solvent  and  surfactant  are 
needed  for  parenteral  delivery  of  GA  because  of  its  extremely 
poor  aqueous  solubility  (<0.5  pg/ ml)  (Cai  et  al.,  2014).  For 
preclinical  and  clinical  studies,  we  need  at  least  0.5  mg/ml 
solubility  and  physically  stable  solution  in  water  for  injection 
or  saline.  That  means,  1000  times  higher  solubility,  which  can 
be  achieved  using  solvent  and  surfactants.  However,  paren- 
terally  accepted  non-ionic  surfactants  like  polysorbate  80  and 
cremophor  EL  have  severe  life-threatening  side  effects. 
Therefore,  there  is  a  huge  demand  of  solvent  and  surfactant- 
free  formulations  of  existing  anticancer  molecules  like 
paclitaxel  and  docetaxel  as  well  (Patel  et  al.,  2013).  The 
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liposomal  formation  is  a  safe,  industry  feasible  and  thera¬ 
peutically  superior  alternative  to  solvent  and  surfactant-based 
formulation  approach.  GA  is  a  highly  lipophilic  molecule  with 
a  log  p  of  7.6,  so  liposomal  formulation  could  be  the  most 
appropriate  choice  for  parenteral  delivery.  We  used  ethanol 
for  liposomal  preparation;  but  ethanol  is  difficult  to  evaporate, 
so  we  kept  the  formulation  for  a  long  time  on  the  heated 
stirrer.  Importantly,  a  marketed  formulation  like  taxol  and 
taxotere  contains  2-3  ml  of  ethanol/dose,  and  thus  it  is  very 
safe  solvent  for  parenteral  use.  Hence,  a  trace  amount  of 
ethanol  will  not  harm  at  all.  GA  can  be  easily  solubilized  and 
stabilized  by  entrapping  within  lipid  bilayers  of  liposomes. 
The  release  profile  of  GAL  depicted  that  GA  was  confined  to 
lipid  bilayers  of  liposomes  and  as  long  as  the  liposomes  are 
stable  release  of  GA  would  be  difficult.  Such  release  profile  is 
very  desirable  for  targeted  drug  delivery  since  drug  will 
release  only  on  liposomal  disintegration  after  cellular  intern¬ 
alization.  It  helps  in  minimizing  the  systemic  exposure  of 
drug  and  related  side  effects. 

In  vitro  cytotoxicity  studies  showed  that  GAL  retained  the 
cytotoxicity  of  GA  against  MDA-MB-231  cell  line.  Once 
internalized,  liposomes  are  degraded  in  endosomes  and 
release  the  drug  into  the  cytoplasm.  Hence,  the  difference 
in  the  cytotoxicity  between  free  GA  and  GAL  was  found  to  be 
negligible  in  vitro.  In  similar  observations  with  our  study, 
Saxena  &  Hussain  (2012)  demonstrated  that  GA  encapsulated 
in  poloxamer  407/TPGS  showed  comparable  in  vitro  cyto¬ 
toxicity  than  free  GA  in  breast  cancer  MCF-7  cells  (Saxena  & 
Hussain,  2012). 

Interestingly,  a  huge  difference  in  anti- angiogenic  activity 
of  free  GA  and  GAL  was  observed  in  HUVEC  study. 
Angiogenic  endothelial  cells  are  negatively  charged  which 
might  affect  their  interaction  with  the  chemical  nature  of  drug 
and  nanocarrier.  As  GA  is  an  anionic  molecule  while  GAL 
has  cationic  charge.  We  can  assume  that  intracellular  GA 
concentration  would  be  much  higher  when  given  as  GAL 
compared  to  free  GA  solution.  Lu  et  al.  (2007)  showed  that 
GA  inhibits  angiogenesis  and  secretion  of  VEGF  reduced 
from  tumor  cells.  Furthermore,  Qi  et  al.  (2008a)  reported  that 
when  the  cells  were  treated  with  GA  in  vitro ,  expression  of 
extracellular  matrix  proteins  (like  MMP-2  and  MMP-9)  was 
decreased.  To  study  the  possible  mechanisms  involved  in  the 
enhanced  cytotoxicity  of  GA-free  drug  and  GAL,  we 
evaluated  apoptosis  and  HUVEC  tube  formation  of  tumor 
cells.  It  has  been  suggested  that  apoptosis  may  represent  a 
protective  mechanism  against  neoplastic  development  as  it 
eliminates  genetically  damaged  cells  or  excess  cells  that  have 
improperly  been  induced  to  proliferate  (Vaseva  &  Moll,  2009; 
Andreopoulou  et  al.,  2015).  Zhai  et  al.  (2008)  have  shown  that 
induced  cell  apoptosis  by  repressing  bcl2  expression  by  GA. 
Low  concentrations  of  GA  have  no  obvious  inhibitory  effect 
on  cell  viability  or  apoptosis-inducing  effect  (Li  et  al.,  2011). 
Moreover,  we  observed  that  in  vitro  treatment  with  GA 
significantly  (p  <0.05)  up-regulates  the  expression  of  the  pro- 
apoptotic  protein  Bax  and  down-regulated  the  expression  of 
the  anti-apoptotic  protein  Bcl-2  in  MDA-MB-231  cells  at  the 
protein  level.  It  is  not  known  whether  GA  affects  other  genes 
in  addition  to  Bax  and  Bcl-2,  how  it  affects,  and  also  if  other 
mechanisms  may  contribute  to  changes  in  cell  apoptosis.  This 
would  like  to  explore  in  future  in  our  laboratory. 
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Previous  studies  have  demonstrated  the  anti- angiogenic 
potential  of  GA-free  drug  on  HUVEC  (Lu  et  al.,  2013).  There 
has  been  no  study  so  far  that  evaluated  the  effect  of  GA 
loaded  in  cationic  liposomes  on  HUVEC  tube  formation. 
GAL  treatment  showed  linear  structures  of  the  network  were 
significantly  (p<0.01)  disrupted  compared  to  GA-free  drug 
treatment  or  control.  GA-free  drug  and  GAL  exhibited  anti- 
angiogenic  activity  by  inhibition  of  tube  formation  compared 
to  control  (Figure  4).  In  a  similar  study,  Lu  et  al.  (2007) 
showed  that  GA  has  potential  to  inhibit  angiogenesis  in  vitro 
and  in  vivo  via  suppressing  phosphorylation  of  VEGFR2 
selectively  and  reduction  of  the  VEGF  secretion  from  tumor 
cell.  In  our  study,  we  observed  a  significantly  potent 
inhibition  in  GAL-treated  cells  compared  to  GA-free  drug. 
Our  study  demonstrates  that  GA  and  GAL  directly  reduce 
HUVEC  proliferation  and  tube  formation  on  matrigel.  In  the 
present  study,  we  provide  evidence  for  the  first  time  that  GAL 
has  a  potent  anti-angiogenic  activity.  The  dual  anti-tumor  and 
anti-angiogenic  activities  of  GAL  are  consistent  with  those  of 
some  other  conventional  anticancer  drugs  such  as  docetaxel, 
paclitaxel  and  camptothecin,  and  thus  suggest  its  potential  use 
as  anti-tumor  agents  as  well  as  its  efficacy  to  be  included  in 
tumor  therapy  (Patel  et  al.,  2014). 

Due  to  the  observed  in  vitro  anti- angiogenic  and  apoptotic 
activity,  we  were  interested  in  evaluating  the  expression  of 
microRNAs  involved  in  the  apoptosis.  In  this  study,  our 
microarray  data  analysis  (data  not  shown)  and  validation  by 
qRT-PCR  revealed  that  miR-34b  and  224  expressions  posi¬ 
tively  correlates  with  the  expression  of  the  apoptotic  genes 
Bcl2,  p53  and  Bax,  which  are  known  to  induce  apoptosis.  But 
the  strength  of  the  conclusions  of  this  study  was  hampered  as 
these  results  are  based  on  in  vitro  experiments.  In  order  to 
assess  the  functional  role  of  miR-34b  and  miR-224,  further 
studies  should  be  done  using  animal  models.  Also,  studies  of 
miR-34b  and  miR-224  with  gene  targets  in  TNBC  are  of 
further  importance.  Our  study  provided  an  addition  confirm¬ 
ation  that  miR-34b  has  an  anti- tumor  function  in  TNBC. 
Findings  from  our  study  by  both  microarray  and  real-time 
PCR  analysis  indicated  that  these  microRNAs  act  as  tumor 
suppressors.  In  addition  to  miR-34b  and  miR-224,  supporting 
our  data,  other  miRs  like  miR-335,  miR-206  and  miR-126 
have  also  been  identified  as  human  breast  cancer  metastasis 
suppressor  miRs  (Misso  et  al.,  2014). 

The  anticancer  effect  of  GAL  may  be  induced  by  inhibiting 
angiogenesis  and  directly  killing  tumor  cells.  Our  in  vivo 
studies  demonstrated  that  administration  of  the  GAL  did  not 
lead  to  any  abnormal  behavioral  changes  in  these  animals, 
suggesting  that  the  GA-free  drug  and  nanosized  assemblies  of 
GAL  are  safe  for  parenteral  administration.  However,  due  to 
the  presence  of  non-ionic  surfactant  in  a  free  drug  solution, 
administration  in  human  may  cause  severe  toxicities.  In  the 
in  vivo  study,  Yao  et  al.  (2014)  demonstrated  that  GA  loaded 
hyaluronic  acid  nanoparticles  exhibited  therapeutic  efficacy 
with  reduced  toxicity.  Encouragingly,  we  also  observed  these 
findings  in  the  GAL-treated  group,  suggesting  that  the  GAL 
did  not  have  toxicity  in  mice.  In  vivo  anticancer  efficacy  study 
of  intravenously  administered  GA  on  MDA-MB-231  bearing 
balb/c  nude  mice  was  also  carried  out  in  this  study.  However, 
no  description  of  solubilizer  or  formulation  was  given  in  the 
report.  We  assume  that  author  may  have  used  ethanol  and 
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surfactant  based  formulation.  In  spite  of  injecting  less  number 
of  cells  (1.5  million/animal)  compared  to  Li  et  al.  (2012)  (2 
million/animal),  a  significant  difference  in  tumor  progression 
was  observed  for  GA  in  TNBC  tumor  bearing  mice.  In  that 
study,  average  tumor  volume  in  the  animals  of  control  group 
attained  2000  mm3  in  10  weeks  while  in  our  study  the  same 
volume  was  achieved  within  just  21  d.  Further,  the  author 
showed  that  anticancer  efficacy  of  GA  was  observed  for  7 
weeks  after  the  first  dose.  It  is  noteworthy  that  in  that  report, 
animals  were  given  about  25  doses  of  GA  by  IV  route  every 
other  day.  While  in  our  study  only  three  doses  were 
administered  every  third  day  and  the  study  was  terminated 
after  21  d.  In  both  the  studies,  cell  line,  type  of  animals  and 
organ  of  injection  are  same,  but  tumor  development  and 
growth  rate  is  very  different.  The  possible  reason  for  such 
variation  could  be  the  passage  number  of  injected  MDA-MB- 
231  cells.  We  have  injected  the  cells  which  were  freshly 
cultivated  from  tumor  tissue  of  MDA-MB-231  tumor-bearing 
mice.  Generally,  tumor  cells  obtained  by  this  method  are  very 
aggressive  in  proliferation  and  invasionConsidering  the 
results  of  our  study  and  previously  reported  studies  on 
anticancer  efficacy  of  GA  against  TNBC,  we  can  conclude 
that  liposomal  formulation  prepared  in  our  laboratory  has 
some  salient  advantages  over  solution-based  formulation:  (a) 
liposomal  formulation  requires  significantly  less  number  of 
doses  for  inhibiting  tumor  growth;  (b)  formulating  cationic 
charged  liposomes  of  GA  could  potentially  helpful  in 
targeting  angiogenesis;  (c)  organic  solvents  and  surfactants 
are  not  required  to  deliver  GA. 

One  of  the  widely  accepted  mechanism  of  tumor  develop¬ 
ment  is  apoptotic  inhibition  and  to  inhibit  the  carcinogenic 
process,  numerous  chemopreventive  agents  have  been  shown 
to  act  through  the  induction  of  apoptosis  (Naithani  et  al., 
2008).  Our  observations  in  the  current  study  also  support  that 
GA-free  drug  and  GAL  act  by  the  induction  of  apoptosis.  We 
observed  in  the  current  study  that  GA-free  drug  and  GAL 
treatment  decreases  the  expression  of  survivin  in  breast 
tumors  (Figure  5).  Survivin,  an  inhibitor  of  apoptosis  protein, 
is  highly  expressed  in  most  of  the  cancers  and  associated  with 
chemotherapy  resistance  (Pereira  &  Amarante-Mendes, 
2011).  Therefore,  our  observed  down-regulation  of  survivin 
expression  results  in  activation  of  caspases  and  thereby 
induces  apoptosis  in  tumor  cells.  Expression  of  p53  plays  a 
vital  role  in  regulating  tumor  cell  response  to  drugs  and 
modulate  the  effect  of  downstream  effectors  like  Bax  and  p21 
(Xu  et  al.,  2013).  In  our  study,  found  that  Bax  was  activated  in 
GA-free  drug  and  GA  cationic  liposomes  treatment  group 
leading  to  apoptosis  in  breast  tumors.  Our  observations  were 
similar  to  Gu  et  al.  (2009)  reported  that  GA  in  vitro  (at  a 
concentration  of  4  pm)  induces  apoptosis  of  non-metastatic 
breast  cancer  MCF-7  cells  by  reducing  Bcl2  expression  via 
p53  in  a  time-  and  concentration-dependent  fashion.  To  sum 
up,  our  findings  in  the  current  study  suggests  that  mechanism 
of  action  of  GA  to  induce  apoptosis  mediated  via  down- 
regulation  of  antiapoptotic  Bcl2  and  upregulation  of  proa- 
poptotic  Bax.  Our  immunohistochemical  analysis  also  found 
that  the  expression  of  CD31  was  decreased  in  GAL  group 
compared  to  GA-free  drug  and  control  groups  which  clearly 
indicated  that  microvessel  density  and  neovascularization 
was  significantly  affected  by  GAL  treatment.  The  superior 


antitumor  activity  of  GAL  was  expected  to  majorly  contribute 
by  its  preferential  interaction  and  consequent  disruption  of 
neovasculature. 

Conclusion 

Solvent  and  non-ionic  surfactant-free  delivery  system  of  GA 
was  developed  for  parenteral  administration.  Cationic 
PEGylated  liposome  enhanced  the  anti- angiogenic  efficacy 
of  GA  by  facilitating  preferential  interaction  with  endothelial 
cells  of  tumor  neovasculature.  Significant  reduction  in  tumor 
volume  and  alteration  in  apoptosis  and  angiogenic  markers 
were  attributed  to  enhanced  delivery  of  GA  to  tumor  tissues 
due  to  long  circulation  and  positive  surface  charge  of 
liposomes.  Similar  to  TNBC,  GA-loaded  cationic  PEGylated 
liposome  could  be  useful  in  the  treatment  of  other  solid  tumor 
with  extensive  angiogenesis. 
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Tumor  stromal  disrupting  agent  enhances 
the  anticancer  efficacy  of  docetaxel  loaded 
PEGylated  liposomes  in  lung  cancer 


Nanomedicine 


Aim:  Therapeutic  efficacy  of  anticancer  nanomedicine  is  compromised  by  tumor 
stromal  barriers.  The  present  study  deals  with  the  development  of  docetaxel  loaded 
PEGylated  liposomes  (DTXPL)  and  to  investigate  the  effect  of  tumor  stroma  disrupting 
agent,  telmisartan,  on  anticancer  efficacy  of  DTXPL.  Methods:  DTXPL  was  prepared 
using  proprietary  modified  hydration  method.  Effect  of  oral  telmisartan  treatment 
on  tumor  uptake  of  coumarin-6  liposomes  and  anticancer  efficacy  of  DTXPL  was 
evaluated  in  orthotopic  xenograft  lung  tumor  bearing  mice.  Results:  DTXPL  (105.7  ± 
3.8  nm)  showed  very  high  physical  stability,  negligible  hemolysis,  428%  enhancement 
in  bioavailability  with  significantly  higher  intratumoral  uptake.  Marked  reduction 
in  collagen-1,  MMP2/9  and  lung  tumor  weight  were  observed  in  DTXPL+telmisartan 
group.  Conclusion:  Combination  of  DTXPL  with  telmisartan  could  significantly 
enhance  clinical  outcome  in  lung  cancer. 
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Lung  cancer  is  by  far  the  most  common 
cause  of  cancer  related  mortality  in  both 
men  and  women.  Non-small-cell  lung  cancer 
(NSCLC)  accounts  for  87%  of  total  cases  of 
lung  cancer  with  overall  5 -year  survival  rate 
less  than  18.2%  [1,2].  Depending  on  the  stage 
of  lung  cancer  and  condition  of  patients,  the 
chemotherapeutic  regimen  for  lung  cancer 
includes  following  drugs:  Cisplatin/carbopla- 
tin  or  paclitaxel/docetaxel,  etoposide,  vinorel- 
bine,  erlotinib  or  other  tyrosine  kinase  inhib¬ 
itors,  gemcitabine  and  pemetrexed.  Despite 
recent  advances  in  diagnosis  and  treatment, 
the  clinical  outcome  amongst  NSCLC 
patients  is  still  not  impressive.  Docetaxel 
(DTX)  is  one  the  most  widely  used  for  drug 
for  the  treatment  of  various  types  of  solid 
tumor  including  ovarian,  breast,  lung  and 
head/neck  cancers.  Docetaxel  has  extremely 
poor  water  solubility  and  rapid  precipita¬ 
tion  tendency,  which  necessitates  very  high 


concentration  of  ethanol  and  surfactant  for 
its  intravenous  injection.  Tween  80  in  Tax- 
otere®  formulation  is  responsible  for  severe 
life  threatening  hypersensitivity  and  periph¬ 
eral  neuropathy  [3,4].  A  safer  formulation  to 
enhance  patient  compliance  and  therapeutic 
efficacy  of  DTX  is  always  in  demand.  As  a 
result,  current  research  is  mainly  focused  on 
developing  nanomedicinal  formulation  such 
as  liposomes,  polymeric  micelles,  albumin 
nanoparticles,  polymer  drug  conjugates,  etc. 
Liposomes  are  the  most  versatile  nanocar¬ 
rier  with  superior  biocompatibility  and  large 
scale  manufacturing  feasibility  compared 
to  other  types  of  nanocarrier.  Abraxane®, 
Doxil®,  Depocyt®,  Myocet®,  DaunoXome®, 
Marqibo®,  etc.  are  commercially  available 
anticancer  nanoformulations  for  parenteral 
administration.  It  is  noteworthy  that  all 
of  them  are  liposomal  formulations  except 
Abraxane®  [5]. 
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In  spite  of  enormous  preclinical  research  on  devel¬ 
opment  of  nanocarriers  for  taxanes  and  liposomal  for¬ 
mulations  for  variety  of  drugs,  there  is  no  liposomal 
formulation  of  docetaxel  available  in  the  market.  There 
are  few  research  papers  describing  the  parenteral  deliv¬ 
ery  of  DTX  using  PEGylated  nanocarriers  (PLGA, 
caprolactone  or  gold  nanoparticle)  and  even  fewer 
reports  on  docetaxel  loaded  PEGylated  liposomes  [6-9] . 
Surprisingly,  none  of  the  reports  have  demonstrated 
the  physicochemical  stability  of  DTX  nanocarriers. 
Poor  physical  stability  of  DTX  encapsulated  liposomes 
is  the  major  limiting  factor  for  its  clinical  develop¬ 
ment.  Usually,  formulations  developed  for  preclinical 
research  purposes  have  stability  sufficient  enough  to 
carry  out  animal  studies  but  for  clinical  application, 
long  term  stability  is  indispensable.  Therefore,  an 
innovative  liposomal  preparation  method  is  required 
to  formulate  DTX  liposomes  with  an  extended  stabil¬ 
ity.  PEGylated  liposomes  of  DTX  could  potentially 
serve  these  purposes  by  improving  the  solubility  of 
DTX  without  using  ethanol  or  surfactant,  enhancing 
the  pharmacokinetic  of  DTX  due  to  prolong  plasma 
circulation  and  enhancing  the  anticancer  efficacy 
because  of  enhanced  permeation  and  retention  (EPR) 
mediated  higher  intratumoral  uptake. 

Poor  diffusion  and  penetration  of  drug  into  solid 
tumors  owing  to  high  interstitial  pressure  or  tumor 
stromal  barriers,  is  a  serious  issue  limiting  the  effi¬ 
cacy  of  existing  chemotherapeutic  agents  [10] .  Leaky 
neovasculature,  abnormal  lymphatic  system  and  peri¬ 
vascular  fibrosis  are  associated  with  high  interstitial 
fluid  pressure.  Matrix  rigidity  and  fibroblast  contrac¬ 
tility  in  solid  tumor  result  in  increased  fiber  tension 
which  leads  to  decreased  convection  and  transcapillary 
transport  of  anticancer  drugs  to  deep  tumor  regions. 
Therapeutic  outcome  of  cancer  chemotherapy  has 
been  significantly  improved  by  use  of  nanocarriers  due 
to  their  ability  to  delivery  of  anticancer  drugs  selec¬ 
tively  to  tumor  tissues  with  limited  accumulation  in 
healthy  tissues  [5,10,11].  However,  mere  development 
of  nanocarriers  of  chemotherapeutic  drugs  and  reli¬ 
ance  on  EPR  effect  for  its  intratumoral  uptake  is  not 
adequate  to  achieve  desired  anticancer  effect.  EPR 
mediated  passive  targeting  and  tumor  surface  antigen 
directed  active  targeting  lead  to  higher  accumulation 
of  drug  into  tumor  tissues  [12].  However,  irrespective 
of  the  surface  characteristics  and  targeting  nature  of 
the  nanocarriers,  their  distribution  within  solid  tumor 
matrix  is  severely  hindered  by  dense  collagen  network 
and  very  high  interstitial  tumor  pressure  due  to  highly 
fibrous  interstitium  in  solid  tumors.  Collagen  rich  net¬ 
work  embedded  in  hyaluronan  of  tumor  stroma  signifi¬ 
cantly  impede  the  penetration  of  drug  and  nanopar¬ 
ticles  into  tumors.  The  extracellular  matrix  (ECM) 


creates  both  a  physical  and  hydrodynamic  barrier  in 
the  form  of  high  intratumoral  pressure  which  prevents 
most  therapeutics  and  nanoparticles  from  reaching  the 
tumor  foci  [11,13,14].  Thus,  disruption  of  tumor  ECM 
is  very  important  for  enhanced  delivery  of  drug  and 
nanoparticles  in  solid  tumors.  Recently,  there  is  a  huge 
interest  in  drug  or  enzyme  reducing  the  collagen  den¬ 
sity  in  tumor,  which  has  the  collateral  effect  of  decreas¬ 
ing  tumor  interstitial  fluid  pressure  (TIFP)  thereby 
facilitating  higher  drug/nanocarrier  penetration.  Few 
researchers  have  showed  enhanced  uptake  of  antibody, 
virus  or  nanocarriers  in  tumor  tissues  by  disrupting 
stromal  barrier  using  bacterial  collagenase,  relaxin  or 
TGF-pl  inhibitors  [15-17] .  In  our  previous  report,  we 
have  demonstrated  that  inhalable  telmisartan  reduced 
collagen  level  in  lung  tumors  and  enhanced  uptake 
of  fluorescent  polystyrene  nanoparticles.  Telmisartan 
is  an  angiotensin  receptor  blocker  used  for  the  treat¬ 
ment  of  hypertension.  In  our  earlier  published  work, 
we  have  studied  that  TGF-pi  inhibition  was  the  pri¬ 
mary  mechanism  for  antifibrotic  activity  of  inhalable 
telmisartan  in  lung  tumors  [13]. 

In  this  paper,  a  modified  hydration  method  was  pro¬ 
posed  to  produce  a  stable  DTX  loaded  PEGylated  lipo¬ 
somes  (DTXPLs)  and  compared  with  conventional 
liposomes.  Thereafter,  the  effect  of  oral  telmisartan 
treatment  on  tumor  stromal  disruption,  uptake  of  lipo¬ 
somes  in  tumors  and  anticancer  efficacy  of  DTXPLs 
in  orthotropic  lung  tumor  bearing  athymic  nude  mice 
was  evaluated. 

Experimental 

Chemicals  &  drugs 

Docetaxel  was  purchased  from  AK  scientific  (CA, 
USA) .  Phospholipids  were  purchased  from  Lipoid  (Ger¬ 
many).  All  other  chemicals  and  HPLC  solvents  were 
purchased  from  Sigma-Aldrich  (MO,  USA).  DMEM- 
F12K  medium,  fetal  bovine  serum  and  other  cell  cul¬ 
ture  materials  were  purchased  from  Lonza  (Basel,  Swit¬ 
zerland)  .  Primary  antibodies  were  purchased  from  cell 
signaling  technology  (USA) . 

HPLC  analysis 

Reverse  phase  HPLC-UV  method  was  used  to  analyze 
DTX  for  stability,  release  and  pharmacokinetic  studies. 
Chromatographic  separation  was  achieved  on  Waters 
717  instrument  equipped  with  waters  symmetry  (250 
mm/4.6  mm/5  pm)  column  using  ACN: Phosphate 
buffer  pH  3  (55:45)  as  mobile  phase  with  flow  rate  of 
0.55  ml/min,  detected  at  22 7  nm.  Plasma  DTX  analy¬ 
sis  was  achieved  at  same  chromatographic  conditions. 
Retention  time  of  DTX  was  13.9  ±  0.15  min.  Salting- 
out  Liquid-Liquid  Extraction  (SALLE)  method  was 
used  to  extract  DTX  from  plasma.  For  DTX  extrac- 
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tion,  250  pi  Acetonitrile  was  added  to  150  jul  plasma 
samples  followed  addition  of  100  mg  NaCl  to  separate 
acetonitrile  and  plasma  layer.  Samples  were  vigorously 
stirred  and  centrifuged  at  5000  rpm  for  10  min  at  10°C. 
Supernatant  was  mixed  with  50  pi  of  Milli-Q  water. 
Samples  were  directly  loaded  to  HPLC  auto-sampler 
for  analysis. 

Animals 

Sprague-Dawley  rats  were  purchased  from  Harlan  Inc. 
(Indianapolis,  IN).  The  rats  were  housed  and  main¬ 
tained  in  specific  pathogen-free  conditions  in  a  facility 
approved  by  the  American  Association  for  Accredi¬ 
tation  of  Laboratory  Animal  Care  (AALAC).  Food 
and  water  were  provided  ad  libitum  to  the  animals  in 
standard  cages.  Animals  were  maintained  at  standard 
conditions  of  37°C  and  60%  humidity.  All  experi¬ 
ments  were  done  in  accordance  with  the  guidelines 
of  the  Institutional  Animal  Care  and  Use  Committee 
(IACUC)  at  Florida  A&M  University. 

Female,  6-week  old,  athymic  Nu/nu  mice  were  pur¬ 
chased  from  Harlan  Inc.  (IN,  USA).  The  mice  were 
housed  and  maintained  in  specific  pathogen-free  con¬ 
ditions  in  a  facility  approved  by  the  American  Asso¬ 
ciation  for  Accreditation  of  Laboratory  Animal  Care. 
Food  and  water  were  provided  ad  libitum  to  the  ani¬ 
mals  in  standard  cages.  Animals  were  maintained  at 
standard  conditions  of  37°C  and  60%  humidity.  All 
experiments  were  done  in  accordance  with  the  guide¬ 
lines  of  the  Institutional  Animal  Care  and  Use  Com¬ 
mittee  (IACUC)  at  Florida  A&M  University.  Ani¬ 
mals  were  acclimatized  for  1  week  prior  to  the  tumor 
studies. 

Preparation  of  liposomes 

Liposomes  were  prepared  using  modified  hydration 
method.  Briefly,  phospholipids,  cholesterol,  PEGylated 
phospholipid  and  DTX  were  dissolved  in  chloroform. 
The  solution  was  drop  wise  added  to  mannitol  at  45°C 
with  constant  stirring  and  left  overnight  for  evapora¬ 
tion  of  chloroform.  Resultant  powder  was  dispersed 
into  water  and  sonicated  for  4  min  using  probe  soni- 
cator  (Branson  Probe  Sonicator,  USA).  Molar  ratio 
of  DTX  to  phospholipids  and  processing  parameters 
were  optimized  on  the  basis  of  physical  stability.  Tax- 
otere  was  prepared  using  same  formula  as  marketed 
docetaxel  formulation  -  Taxotere®  (Sanofi-Aventis, 
USA).  For  ethanol  injection  method,  phospholip¬ 
ids  and  DTX  were  dissolved  in  absolute  ethanol  and 
injected  into  water  at  55°C  [18].  Batches  of  thin  film 
hydration  method  were  prepared  by  vacuum  evaporat¬ 
ing  chloroform  solution  containing  phospholipids  and 
DTX  in  round  bottom  flask  followed  by  hydration 
with  water  at  55°C. 


Particle  size,  zeta  potential  &  entrapment 
efficiency 

Hydrodynamic  diameter  of  formulation  was  analyzed 
by  dynamic  light  scattering  (DLS)  using  Nicomp  PSS 
particle  size  analyzer  (PSS  Systems,  USA).  Formula¬ 
tion  was  diluted  into  HPLC  grade  water  to  achieve 
concentration  of  0.1  mg/ml  of  DTX.  Entrapment  effi¬ 
ciency  was  analyzed  using  gel  permeation  chromato¬ 
graphy  using  Sephadex  G50  column  (Sigma  Aldrich, 
USA). 

Scanning  electron  microscopy  (SEM)  analysis 

The  SEM  pictures  of  liposomes  were  taken  on  a  FEI 
Nova  NanoSEM  400  machine  fitted  with  a  tungsten 
(W)  filament.  The  air  dried  liposomes  samples  were 
mounted  on  a  metal  stub  using  double  sided  carbon 
tape  followed  by  coating  with  8  nm  thick  layer  of 
iridium  (Ir)  by  sputter  coating  for  30  min.  Finally  the 
pictures  were  taken  at  an  accelerating  voltage  of  5  kV 
and  observed  using  3  pm  scale  bars. 

In  vitro  release 

DTX  release  from  taxotere  and  liposomes  was  evalu¬ 
ated  by  a  dialysis  bag  method  using  phosphate  buffer 
pH  7.4  with  0.2%  w/v  tween  80  as  release  medium. 
The  dialysis  bag  (MWCO  50  kD,  Spectrum  Lab, 
USA)  filled  with  1  ml  of  DTX  formulation  was  tied 
to  the  paddle  of  USP  dissolution  apparatus  I  (50  rpm, 
37°C).  Samples  were  withdrawn  at  0.5,  1,  2,  4,  8,  12 
and  24  h  and  DTX  content  was  analyzed  by  HPLC. 

In  vitro  hemolysis  study 

In  vitro  hemolysis  study  was  carried  out  using  human 
red  blood  cells  (RBCs)  as  per  the  procedure  reported 
earlier  [19].  Briefly,  blood  cells  were  separated  from 
plasma  by  centrifugation  at  5000  rpm  for  10  min  fol¬ 
lowed  by  discarding  the  supernatant  and  resuspend¬ 
ing  cell  pellet  into  equivalent  ml  of  HBSS  to  achieve 
the  same  hematocrit.  Taxotere  and  DTXPL  were 
dispersed  in  HBSS  to  prepare  0.5  mg/ml  solution 
of  DTX.  Appropriate  quantity  of  this  stock  solution 
was  added  to  1  ml  of  RBC  dispersion  to  achieve  50, 
25  and  10  pg/ml  DTX  concentrations.  The  samples 
were  incubated  for  30  min  at  37°C  and  centrifuged 
at  5000  rpm  for  10  min  and  the  supernatants  were 
subjected  to  analysis.  Hemoglobin  release  was  deter¬ 
mined  by  UV  spectrophotometer  at  550  nm.  HBSS 
was  used  as  the  negative  control  and  sodium  dodecyl 
sulphate  solution  was  used  as  positive  control  (100% 
hemoglobin  release).  %  hemolysis  was  calculated  by 
following  formula: 

%  hemolysis  =  (absorbance  of  test  sample  -  absor¬ 
bance  of  negative  control) /(absorbance  of  positive 
control  -  absorbance  of  negative  control)  x  100 
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Plasma-to-blood  ratio 

Plasma-to-blood  ratio  (PBR)  of  taxotere  and  DTXPL 
were  analyzed  in  human  blood  [19].  Taxotere  and 
DTXPL  were  diluted  with  phosphate  buffer  to  pre¬ 
pare  DTX  concentrations  of  250  pg/ml  each.  20  pi 
of  this  solution  was  added  to  980  pi  of  human  blood 
to  prepare  final  concentration  of  5  pg/ml  of  DTX  in 
blood  (n  =  6).  After  a  30  min  incubation  period  at 
37°C,  three  samples  from  each  set  were  centrifuged 
(5000  rpm,  10  min)  while  other  three  samples  were 
frozen  at  -80°C  for  complete  hemolysis.  Plasma  was 
separated  from  centrifuged  samples.  DTX  concentra¬ 
tion  in  plasma  and  hemolysed  blood  was  calculated  by 
HPLC  method. 

In  vivo  pharmacokinetic  in  rats 

In  vivo  pharmacokinetic  study  of  taxotere  and  DTXPL 
was  performed  in  Sprague-Dawley  rats.  After  1  week 
of  acclimatization,  animals  were  divided  into  two 
groups  -  six  animals  in  each  group.  Taxotere  and 
DTXPL  were  diluted  with  saline  and  5  mg/kg  DTX 
dose  was  administered  via  tail  vein.  Blood  samples  were 
collected  via  tail  vein  at  0.066,  0.5,  1,  2,  4  and  8  h  post 
dosing.  Blood  samples  were  centrifuged  at  10,000  rpm 
at  4°C  for  10  min  to  separate  plasma.  DTX  plasma 
concentration  data  after  intravenous  administration 
was  analyzed  by  Kinetica  5®  (Thermofisher,  USA) . 

Inoculation  of  A549  in  mice 

A549  cells  were  grown  in  DMEM-F12K  Media  con¬ 
taining  10%  FBS  and  standard  antibiotic  mix  at  5  % 
C02  and  37°C.  For  orthotopic  lung  tumor  model, 
mice  were  anesthetized  with  isoflurane  and  a  5  mm 
skin  incision  was  made  to  the  left  chest,  5  mm  below 
the  scapula.  Hamilton  syringe  with  28-gauge  hypoder¬ 
mic  needles  was  used  to  inject  A549  cells  through  the 
sixth  intercostal  space  into  the  left  lung.  The  needle 
was  quickly  advanced  to  a  depth  of  3  mm  and  removed 
after  the  injection  of  the  cells  (2  million  per  mouse) 
suspended  in  100  pL  PBS  (pH  7.4)  into  the  lung  paren¬ 
chyma.  Wounds  from  the  incisions  were  closed  with 
surgical  skin  clips.  Animals  were  observed  for  45  to 
60  min  until  fully  recovered.  The  animals  develop  lung 
tumor  within  14  days  after  the  cell  inoculation  [2,20,21] . 

Antitumor  study 

After  14  days,  animals  were  randomly  divided  into 
four  groups  (Saline  solution,  Taxotere,  DTXPL  and 
DTXPL  +  telmisartan)  of  12  animals  each.  Telmisar- 
tan  treatment  was  started  on  15th  day  of  cell  inocula¬ 
tion  while  DTX  treatment  was  started  from  17th  day. 
Dose  of  DTX  (intravenous)  and  telmisartan  (oral)  was 
5  mg/kg  body  weight.  Six  doses  of  DTX  formulations 
were  given  biweekly  for  3  weeks.  Two  doses  of  telmis¬ 


artan  were  given  at  24  h  and  48  h  before  each  DTX 
dose.  Six  animals  from  each  group  were  sacrificed 
(carbon  dioxide  inhalation),  3  days  after  the  last  dose 
of  DTX  formulation.  Lungs  were  collected,  weighted 
and  observed  for  lung  tumor  growth  using  a  stereo¬ 
microscope  (Olympus,  USA).  The  same  tumors  were 
used  for  immunohistochemistry  (IHC)  and  western 
blot  analysis.  Study  was  continued  till  45  days  with 
remaining  animals  to  observe  the  survival  rates  over 
the  period  of  time. 

Coumarin-6  liposome  uptake  in  lung  tumor 

After  21  days  of  A549  inoculation,  animals  were 
divided  into  two  groups:  control  and  telmisartan. 
Control  group  received  saline  solution  and  telmisar¬ 
tan  group  received  two  doses  of  telmisartan  (5  mg/ 
kg,  once  a  day)  by  oral  route.  On  24th  day,  both  the 
group  received  coumarin-6  liposomes  (1  mg/kg)  via 
tail  vein  injection.  Animals  were  sacrificed  (carbon 
dioxide  inhalation)  after  1  h  and  lungs  were  collected. 
Cryosection  (40  pm  thickness)  of  part  of  lung  bear¬ 
ing  tumor  nodules  was  carried  out  and  immediately 
observed  under  fluorescence  microscope.  Intensity  of 
green  color  as  a  measurement  of  coumarin-6  uptake 
in  normal  lung  and  tumor  tissue  was  carried  out  using 
ImageJ  software.  The  tumor  sections  were  also  stained 
with  picrosirius  red  (Abeam,  USA)  to  evaluate  the  col¬ 
lagen  density. 

Western  blot  analysis 

Protein  samples  for  western  blot  analysis  were  extracted 
from  lung  tumor  tissues  using  RIPA  lysis  buffer  con¬ 
taining  protease  inhibitors  and  500  mM  phenyl  methyl 
sulfonyl  fluoride  (PMSF).  Protein  concentration  was 
estimated  using  BCA  protein  assay  reagent  kit.  Equal 
amounts  (50  pg)  of  protein  from  different  groups  were 
denatured  by  heating  for  5  min  in  SDS  sample  buf¬ 
fer  and  separated  using  10%  SDS -PAGE.  The  protein 
samples  separated  on  SDS -PAGE  were  transferred  to 
nitrocellulose  membranes  for  immunoblotting.  After 
blocking,  the  membranes  with  skim  milk  (5%  skim 
milk  in  10  mM  Tris-HCl  (pH  7.6),  150  mM  NaCl, 
and  0.5%  Tween  20)  probed  with  primary  antibod¬ 
ies.  The  primary  antibodies  such  as  survivin,  MMP- 
2,  MMP-9  and  P-actin  were  used  in  1:1000  dilutions. 
HRP-conjugated  secondary  antibodies  were  used.  The 
detail  procedure  for  western  blotting  was  followed 
according  to  our  published  methods. 

Immunohistochemistry  of  CD31  expression 

Paraffin-embedded  tumor  tissues  were  deparaffinized 
and  blocked  for  peroxidase  activity  for  CD31  expres¬ 
sion.  The  specimens  were  washed  with  PBS  twice  and 
then  incubated  in  normal  goat  serum  according  to  the 
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manufacturer’s  instructions  (Santa  Cruz  Biotechnol¬ 
ogy,  CA,  USA).  Subsequently,  the  sections  were  incu¬ 
bated  with  CD31  antibody,  at  4°C  overnight,  followed 
by  a  30  min  treatment  with  HRP  secondary  antibody 
(Santa  Cruz  Biotechnology).  After  three  washes  with 
PBS,  the  sections  were  developed  with  diaminoben- 
zidene-hydrogen  peroxidase  substrate  and  images  were 
taken  microscopically.  The  number  of  CD31  positive 
endothelial  cells  and/or  the  number  of  blood  vessels 
were  counted  in  four  different  high  power  fields  per 
section  (400 x).  The  average  number  of  microvessels 
per  high  power  field  was  examined  as  described  ear¬ 
lier  [22] . 

Statistics 

All  data  are  presented  as  the  mean  ±  standard  devia¬ 
tion  (SD).  The  significance  of  difference  in  treatment 
groups  was  determined  using  Student’s  t-test  or  one¬ 
way  ANOVA  using  GraphPad  prism  version  3.0  (CA, 
USA),  where  value  of  p  <  0.05  between  the  groups 
was  considered  as  statistically  significant  difference 
between  these  groups. 

Results 

Formulation  development  &  characterization 

Physical  instability  within  short  period  of  time  and 
poor  drug  loading  are  the  two  major  issues  in  develop¬ 
ing  formulation  of  DTX.  Therefore,  our  focus  was  to 
develop  a  novel  formulation  with  high  DTX  loading 
and  long  term  physical  stability.  Results  of  liposomal 
DTX  batches  prepared  using  various  methods  are  given 
in  Table  1.  Initially,  methods  of  liposome  preparation 
were  compared  and  optimized  on  the  basis  of  physical 
stability.  Ethanol  injection  and  thin  film  hydration  are 
most  widely  used  and  industry  accepted  methods  of 
manufacturing  liposomes  for  various  preclinical  and 
clinical  studies.  As  shown  in  Table  1,  DTX-loaded  lipo¬ 
somes  prepared  using  ethanol  injection  showed  very 
rapid  precipitation  of  DTX  while  thin  film  hydration 
showed  marginally  better  stability  depending  on  type 
of  phospholipids  used. 

Unsaturated  phospholipid  (DOPC)  showed  fivefold 
higher  stability  compared  with  the  liposomes  prepared 
using  saturated  lipid  (DPPC).  However,  particle  size 
of  liposomes  prepared  using  both  the  lipids  were  nearly 
similar.  Liposomes  prepared  using  DOPC  gave  par¬ 
ticle  size  of  132.6  ±  12.7  nm  while  DPPC  gave  slightly 
lower  size  of  114.2  ±  8.5  nm.  DTXPL  prepared  using 
modified  hydration  method  showed  significantly 
higher  stability  compared  with  conventional  methods 
like  ethanol  injection  and  thin  film  hydration.  Initially, 
on  dispersion  into  water,  20-30  pm  sized  multilamel- 
lar  liposomes  were  formed.  Ultrasonication  has  signifi¬ 
cantly  reduced  the  liposome  size  in  the  range  of  100 


nm.  Effect  of  cholesterol,  mannitol,  and  type  of  phos¬ 
pholipids,  hydration  temperature,  DTX  loading  and 
DTX  concentration  on  physical  stability  of  DTXPL 
was  analyzed  to  optimize  the  formulation. 

Amount  of  cholesterol  has  critical  role  in  DTX  pre¬ 
cipitation.  Batch  prepared  using  DOPC  and  3  mole  per¬ 
cent  DTX  with  15  mole  percent  of  cholesterol  showed 
maximum  stability  for  3-4  days  as  shown  in  Table  1. 
Batches  with  same  composition  prepared  using  higher  or 
0%  cholesterol  content  showed  lesser  stability.  Choles¬ 
terol  content  above  40  mole  percent  of  the  batch  showed 
rapid  precipitation  within  2-3  h.  Thus,  further  batches 
were  prepared  using  15  mole  percent  of  cholesterol,  in 
other  words,  DTX: cholesterol  weight  ratio  around  1:3 
was  optimized.  We  have  observed  that  approximately 
100  nm  sized  DTX  liposomes  formed  after  sonication 
step  were  stable  for  longer  period  of  time  when  passed 
through  sephadex  G50  column.  Extraliposomal  man¬ 
nitol  was  adversely  affecting  the  physical  stability  of 
liposomes.  Mannitol  free  batches  showed  stability  for 
3-4  days  while  unprocessed  batches  were  found  to  be 
stable  for  2  days  only.  Physical  stability  data  mentioned 
in  Table  1  represent  the  results  of  various  batches  after 
mannitol  separation.  Batches  prepared  with  saturated 
phospholipids  like  DSPC  and  DPPC  become  unstable 
within  2-4  h,  while  batches  prepared  with  DOPC 
(unsaturated  phospholipid)  were  much  more  stable. 
Hydration  temperature  of  proliposomal  powder  com¬ 
posed  of  phospholipid,  DTX,  cholesterol  and  mannitol 
was  playing  crucial  role.  Batches  hydrated  with  water 
at  10  and  25° C  showed  nearly  similar  stability  for  up 
to  2-3  days  while  the  batches  hydrated  at  45°C  showed 
higher  physical  stability  for  4  days. 

DTX  loading  was  found  to  be  the  most  critical 
parameter  affecting  the  stability.  Drastic  reduction  in 
stability  was  observed  with  small  increment  in  DTX 
loading  from  3  to  5  mole  percent  as  shown  in  Table  1. 
All  the  batches  described  in  Table  1  have  final  DTX 
concentration  of  1  mg/ml.  Batches  with  higher  DTX 
concentration  1.5  and  2  mg/ml  with  same  DTX  mole 
percent  loading  showed  inferior  stability  compared 
with  1  mg/ml  batches.  The  effect  of  final  DTX  con¬ 
centration  on  physical  stability  was  less  significant 
compared  with  DTX  loading.  Various  excipients  - 
solubilizer,  surfactant,  salt  and  albumin  were  added 
in  DTXPL  to  investigate  the  effect  of  those  excipients 
on  stability.  List  of  excipients  and  concentration  are 
described  in  Table  1.  Surprisingly,  all  the  excipients 
were  found  to  be  adversely  affecting  the  stability,  in 
other  words,  facilitating  the  DTX  precipitation  rate 
instead  of  slowing  it  down.  Therefore,  an  alternative 
strategy  was  explored  to  enhance  the  stability  of  parent 
DTXPL.  Blank  liposomes  (BL)  of  DOPC  and  DSPC 
were  prepared  using  ethanol  injection  method.  Appro- 
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Table  1.  Composition  and  results  of  DTXPL  batches  prepared  using  different  methods. 

Method 

DTX  loading 
(mole  percent) 

Phospholipid 

Excipient  added  after 
DTXPL  preparation 

Physical  stability  at  room  temperature 

Ethanol  injection 

3 

DOPC 

- 

Immediate  precipitation 

Ethanol  injection 

3 

DPPC 

- 

Immediate  precipitation 

Thin  film  hydration 

3 

DOPC 

- 

Stable  for  10-12  h 

Thin  film  hydration 

3 

DPPC 

- 

Stable  for  2-3  h 

Modified  hydration 

3 

DPPC 

- 

Immediate  precipitation 

Modified  hydration 

3 

POPC 

- 

Stable  for  12  h 

Modified  hydration 

3 

DOPC 

- 

Stable  for  4  days 

Modified  hydration 

4 

DOPC 

- 

Precipitated  within  24  h 

Modified  hydration 

5 

DOPC 

- 

Precipitated  within  4  h 

Modified  hydration 

3 

DOPC 

TPGS  (0.5%  w/v) 

Sodium  Citrate  (0.5%  w/v) 

Hydroxy  propyl  p 
cyclodextrin  (0.2%  w/v) 

PEG  400  (1%  w/v) 

Tween  80  (0.5%  w/v) 

Albumin  (1  %  w/v) 

Reduced  the  stability  of  parent  liposomes. 
Formed  large  agglomerates  of  DTX 

Modified  hydration 

3 

DOPC 

Blank  liposomes  of  DOPC 

Stable  for  2  weeks  7-8-fold  enhancement 
in  stability 

Modified  hydration 

3 

DOPC 

Blank  liposomes  of  DSPC 

Stable  for  6-7  days  twofold  enhancement 
in  stability 

priate  amount  of  BL  was  added  to  DTXPL  containing 
3.5  mole  percent  DTX  at  1.2  mg/ml  DTX  concentra¬ 
tion  to  achieve  final  loading  of  3  mole  percent  DTX  at 
1  mg/ml  DTX  concentration.  Addition  of  DSPC-BL 
led  to  twofold  enhancement  in  stability  while  addition 
of  DOPC-BL  resulted  in  7-8-fold  higher  stability  at 
room  temperature.  Particle  size  and  entrapment  effi¬ 
ciency  was  not  significantly  affected  by  drug  loading 
and  drug  concentration.  We  observed  that  physical 
stability  was  roughly  8-  to  10-times  higher  at  2-8°C 
than  room  temperature  for  all  the  batches.  Finally, 
optimized  formulation  was  composed  of  mixture  of 
DTXPL+DOPC-BL  with  DTX  loading  of  3  and  1 
mg/ml  DTX  concentration.  It  was  found  to  be  physi¬ 
cally  and  chemically  stable  for  2  months  at  2-8 °C. 
The  average  particle  size  and  zeta  potential  of  finally 
optimized  batch  was  105.7  ±  3.8  nm  and  -12.4  mv, 
respectively.  Entrapment  efficiency  was  found  to  be 
97.4%,  which  confirmed  that  DTX  was  confined  to 
liposomal  bilayers. 

The  SEM  analysis  of  the  liposomes  revealed  almost 
spherical  morphology  and  the  structures  observed  were 
in  agreement  with  SEM  images  of  liposomal  formu¬ 
lation  reported  earlier  [23].  Interestingly,  SEM  image 
of  the  liposomes  prepared  with  thin  film  hydration 


methods  showed  large  crystals  (Figure  IB)  of  DTX 
while  no  such  crystals  were  observed  in  SEM  images  of 
liposomes  prepared  using  modified  hydration  method 
(Figure  1A). 

In  vitro  release 

Sustained  release  of  DTX  was  one  of  the  desired  param¬ 
eters.  As  shown  in  Figure  2,  taxotere  showed  complete 
release  of  DTX  within  first  2  h  whereas  DTXPL 
showed  sustained  release  of  DTX  over  the  period  of 
48  h.  Release  of  DTX  from  taxotere  was  following 
first  order  release  kinetic  while  DTXPL  exhibited  0 
order  release  profile.  DTXPL  showed  mere  40%  DTX 
release  in  48  h.  However,  complete  release  is  expected 
in  vivo  due  to  degradation  of  liposomes  in  extracellular 
and  intracellular  milieu  in  vivo. 

In  vitro  hemolysis  study  and  PBR 

Effect  of  DTXPL  formulation  on  Human  RBC  was 
evaluated  by  incubating  various  concentration  of  for¬ 
mulation  with  RBC  suspension.  Both  hemolysis  and 
redispersion  of  RBC  were  evaluated  and  compared 
with  taxotere.  As  shown  in  Figure  3A,  negligible  hemo¬ 
lysis  was  observed  even  at  highest  concentration  of 
DTX.  Further,  very  quick  and  complete  redispersion  of 
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RBC  suggested  that  DTXPL  did  not  alter  the  surface 
characteristics  of  RBC  (Figure  3B  &  D).  Contrary,  tax- 
otere  formulation  showed  22.7%  hemolysis  at  25  |Ug/ 
ml  DTX  concentration  and  more  importantly  redis¬ 
persion  of  RBC  was  very  poor  on  inversion  (Figure  3C). 
Taxotere  showed  PBR  of  1.09  ±  0.08  while  DTXPL 
showed  higher  PBR  of  1.42  ±  0.12.  It  has  indicated 
that  liposomes  were  intact  and  DTX  was  preferentially 
confined  to  liposomal  bilayer  instead  of  partitioning 
into  RBC. 

Pharmacokinetic  study 

The  plasma  concentration  profiles  and  pharmacoki¬ 
netic  parameters  of  DTX  after  intravenous  injection 
of  taxotere  and  DTXPL  are  depicted  in  Figure  4  and 
Table  2,  respectively.  As  expected,  there  was  a  signifi¬ 
cant  difference  in  pharmacokinetic  profile  of  DTX. 
Noncompartment,  one  compartment  and  two  com¬ 
partment  analysis  of  pharmacokinetic  profile  was  car¬ 
ried  out  to  understand  the  distribution  and  elimination 
pattern  of  liposomal  DTX  versus  taxotere.  Noncom¬ 
partment  analysis  showed  that  the  MRT  of  taxotere 
(1.99  h)  was  much  low  when  compared  with  the 
DTXPL  (8.08  h).  DTXPL  showed  very  low  clearances 
rate  of  0.35  (mg)/(pg/ml)/h  when  compared  with  tax¬ 
otere,  1.63  (mg)/(pg/ml)/h.  Liposomal  formulation 
showed  higher  Cmax  and  AUC  compared  with  taxotere 
which  is  a  micellar  formulation  of  DTX.  Importantly, 
DTXPL  showed  428%  enhancement  in  bioavailability 


of  DTX  compared  with  taxotere.  Long  circulation  and 
extended  release  of  DTX  from  liposomes  have  collec¬ 
tively  contributed  to  higher  AUC.  In  one  compartment 
analysis  of  the  plasma  concentration  vs  time  data,  the 
drug  loaded  liposome  cleared  faster  from  plasma  than 
the  taxotere,  which  suggested  that  the  liposomes  are 
getting  distributed  toward  the  more  perfused  organs. 
MRT  of  DTX  was  lower  for  DTXPL  (0.35  h)  com¬ 
pared  with  taxotere  (0.53  h).  The  two  compartment 
analysis  demonstrated  that  the  DTXPL  were  quickly 
removed  from  the  circulating  system  (Cl  =  0.33  (mg)/ 
(pg/ml)/h)  with  rapid  distribution  (t1/2al  ha  =  0.044  h) 
and  slow  terminal  elimination  phase  (t  b  =  7.83  h) 
compared  with  taxotere  (tI/2a|pha  =  0.35  h  and  t1/2beta  = 

3.27  h). 

Uptake  of  coumarin-6  PEGylated  liposomes  in 
lung  tumor 

Coumarin-6  PEGylated  liposomes  were  injected  to 
observe  their  distribution  in  normal  lung  vs  tumor 
tissue.  Cryosection  of  lungs  of  control  and  telmisar- 
tan  treated  animals  are  shown  in  Figure  5A.  Intensity 
of  green  fluorescence  in  normal  lung  tissue  is  nearly 
equal  in  both  the  groups  but  it  was  significantly  higher 
in  tumor  in  telmisartan  treated  group.  Further,  green 
fluorescence  intensity  of  normal  lung  part  and  tumor 
part  calculated  using  ImageJ  software  has  clearly  sug¬ 
gested  the  enhanced  uptake  of  coumarin-6  in  telmis¬ 
artan  treated  group  (Figure  5 B). 


Figure  1.  Scanning  electron  microscopy  analysis  of  DTX-loaded  liposomes  prepared  using  modified  hydration  method  (A)  and  thin 
film  hydration  method  (B). 
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Figure  2.  In  vitro  release  of  DTX  from  taxotere  and 

DTXPL.  Release  study  was  carried  out  in  USP  apparatus 
II  using  dialysis  bag  (MWCO  50  kD)  in  phosphate  buffer 
pH  7.4  with  0.2%  w/v  tween  80  at  37°C. 


Anticancer  study  in  orthotopic  lung  tumor 
bearing  athymic  nude  mice 

Picrosirius  red  stained  of  lung  sections  of  con¬ 
trol  and  telmisartan  treated  animals  are  shown  in 
Figure  6A.  Control  showed  bright  red  collagen  fibers 
while  reduced  amount  of  red  fibers  were  observed 
in  telmisartan  treated  group.  As  shown  in  Figure  6B, 
lungs  were  completely  covered  with  tumor  growth 
in  control  group  while  partially  covered  in  taxotere 
and  DTXPL  treated  group.  Interestingly,  significant 
inhibition  of  tumor  growth  was  observed  in  DTXPL 
+  telmisartan  group.  The  same  results  were  reflected 
in  lung  tumor  weight  analysis  (Figure  6C).  There  was 
no  statistically  significant  difference  observed  in  the 
tumor  growth  and  lung  tumor  weight  between  tax¬ 
otere  and  DTXPL  treated  animals.  Results  of  tax¬ 
otere  and  DTXPL  were  very  surprising  because  both 
the  group  showed  marginal  improvement  and  nearly 


similar  anticancer  efficacy  despite  of  significantly  dif¬ 
ferent  in  their  pharmacokinetic  profile.  Oral  telmisar¬ 
tan  did  not  show  any  inhibition  of  lung  tumor  growth 
(data  not  shown).  Interestingly,  lung  tumor  weight  of 
DTXPL  in  oral  telmisartan  pretreated  group  was  14 
and  10. 87-fold  lower  than  control  and  only  DTXPL 
treated  group,  respectively.  Moreover,  lung  integrity 
was  mostly  intact  and  regular  in  DTXPL+telmisartan 
treated  animals.  Results  of  survival  study  were  in  com¬ 
plete  agreement  with  tumor  inhibition  data  (Figure  6 D). 
DTXPL +Telmisartan  group  showed  80%  survival  at 
the  end  of  45  days,  while  other  groups  showed  less  than 
50%  survival  at  the  same  time.  All  the  animals  in  con¬ 
trol  group  showed  complete  mortality  within  40  days. 

CD31  immunostaining  confirmed  the  significantly 
lower  microvessel  density  in  combination  group  com¬ 
pared  with  DTXPL  alone  group  (Figure  7A) .  Western  blot 
analysis  further  confirmed  the  superior  anticancer  and 
antifibrotic  effects  of  DTX+Telmisartan  liposome  com¬ 
pared  with  DTX  alone.  Immuno  blot  analysis  for  sur- 
vivin  expression  suggested  that  the  antiapoptotic  marker 
survivin  was  decreased  in  DTXPL+telmisartan  group 
(Figure  7B).  Quantitative  analysis  of  western  blot  images 
suggested  that  in  DTXPL  and  DTXPL+telmisartan 
groups  showed  0.9 T  and  2. 10 -fold  reduction  of  survivin 
expression  compared  with  untreated  control  tumors. 
Significant  (p  <  0.01)  down  regulation  of  MMP9  and 
MMP2  expression  was  observed  in  DTXPL+telmisartan 
treated  tumors  (Figure  7C  &  D). 

Discussion 

This  is  the  first  report  demonstrating  the  improved 
delivery  of  DTX  liposomes  to  lung  tumors  by  using 
oral  telmisartan  as  an  antifibrotic  agent.  Development 
of  long  circulating  DTX  liposomes  with  extended  sta¬ 
bility  profile  is  very  challenging  task.  DTXPLs  were 


Figure  3.  In  vitro  hemolysis  study  of  DTXPL  at  various  DTX  concentrations  was  carried  out  on  human  RBC.  DTXPL 
showed  no  hemolysis  (A)  and  no  aggregation  on  redispersion  (B)  even  at  very  highest  concentration  of  DTX. 
Taxotere  showed  hemolysis  (C)  and  aggregation  of  RBC  (D)  at  25  pg/ml  DTX  concentration. 
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successfully  prepared  using  an  innovative  modified 
hydration  method  developed  in  our  laboratory.  The 
physical  stability  of  DTXPLs  was  successively  increased 
by  exploring  various  strategies  with  simultaneously 
understanding  their  role  in  modulating  the  stability 
of  liposomes.  There  is  no  previous  report  investigating 
the  pharmacodynamics  profile  of  PEGylated  liposomal 
DTX  against  orthotopic  lung  tumor  bearing  athymic 
nude  mice.  Second,  collagen  rich  tumor  stroma  poses  a 
significant  hurdle  in  efficient  delivery  of  nanocarrier  to 
the  majority  of  the  tumors.  Only  long  plasma  circula¬ 
tion  is  not  enough  to  deliver  the  drug  to  deeper  layers 
of  lung  tumor.  Therefore,  in  present  study,  telmisartan 
was  used  as  an  oral  antifibrotic  agent  to  disrupt  the 
tumor  stroma  to  enhance  the  permeation  of  DTXPLs. 

Ethanol  injection  and  thin  film  hydration  are  widely 
adopted  methods  reported  in  literature.  However, 
DTX  liposomal  batches  prepared  by  both  the  methods 
showed  very  poor  physical  stability.  Both  the  drugs  of 
taxane  class,  paclitaxel  and  docetaxel  are  very  difficult 
to  solubilize  and  stabilize  in  aqueous  system  [3,24] .  DTX 
is  quite  a  bulky  molecule  compared  with  the  head- 
chain  structure  of  phospholipids.  The  insertion  of 
DTX  into  the  bilayer  would  take  more  space  and  push 
the  phospholipid  molecule  to  be  closer  to  each  other. 
However,  intermolecular  force  between  lipids  would 
try  to  resist  the  insertion  of  DTX.  This  intermolecular 
force  rises  with  more  DTX  incorporated  into  the  lipid 
bilayer.  Feng  et  al.  have  performed  studies  on  interac¬ 
tion  of  paclitaxel  (DTX  is  a  semisynthetic  derivative  of 
paclitaxel)  with  phospholipids  and  reported  that  pacli¬ 
taxel  is  miscible  with  the  lipid  but  there  is  a  repulsive 
interaction  between  them.  Our  results  with  DTXPL 
are  in  agreement  with  their  hypothesis  [25] . 

Noteworthy,  novel  modified  hydration  method 
developed  in  our  lab  is  very  suitable  to  entrap  such  mol¬ 
ecules  with  very  poor  dynamic  and  kinetic  solubility,  for 
example,  paclitaxel,  docetaxel.  In  modified  hydration 
method,  the  lipid  film  is  prepared  over  mannitol  and 
the  duration  of  hydration  step  is  much  shorter  (1  min) 
compared  with  thin  film  hydration  method  (45  min). 
However,  separation  of  soluble  carrier,  mannitol,  is  an 
additional  step  required  in  modified  hydration  method. 
We  can  hypothesize  that  distribution  of  DTX  in  inner 


Time  (h) 


Figure  4.  Pharmacokinetic  profile  of  taxotere  and 
DTXPL  in  SD  rats  (n  =  6).  DTXPL  showed  higher  plasma 
concentration  of  DTX  at  all  the  time  points. 

leaflet  of  liposome  bilayer  could  be  higher  when  pre¬ 
pared  using  modified  hydration  method  compared  with 
thin  film  hydration  method.  Bilayer  packing  and  mem¬ 
brane  curvature  of  small  unilamellar  vesicles  (SUVs) 
result  in  a  large  area  and  low  density  of  the  outer  layer 
while  the  inner  layer  has  increased  packing  density  [2 6] . 
Inner  layer  is  less  hydrated/polar  compared  with  outer 
layer  and  therefore  drug  entrapped  within  outer  layer 
is  transferred  to  aqueous  layer  much  faster  than  drug 
entrapped  within  the  inner  layer  [26,27] .  High  amount  of 
mannitol  or  resultant  osmotic  pressure  might  be  respon¬ 
sible  for  inner  layer  favored  distribution  of  DTX  during 
hydration  step.  However,  presence  of  high  amount  of 
mannitol  in  external  phase  led  to  enhance  precipitation 
rate  and  therefore  mannitol  was  immediately  removed 
after  sonication  step.  Liposomes  prepared  using  DOPC 
showed  better  stability  compared  with  DPPC.  DOPC 
forms  less  ordered  bilayer  with  high  cross  sectional  area 
due  to  presence  of  double  bond  which  might  help  in 
encapsulating  DTX  for  longer  period  of  time.  Also,  pos¬ 
sibility  of  interdigitation-mediated  drug  precipitation  is 
negligible  with  DOPC  compared  with  DPPC  [28]. 

Though,  modified  hydration  method  produced 
DTX  liposome  with  improved  stability  compared  with 
conventional  methods,  the  stability  was  not  sufficient 
enough  for  clinical  purpose.  The  main  reason  behind 


Table  2.  Pharmacokinetic  parameters. 

Taxotere 

Liposomes 

Cmax  Cig/ml) 

6.1  ±  1.7 

10.68  ±2.9 

AUC  (ng.h/ml) 

5.29  ±  1.1 

22.65  ±4.3 

Tm  (h) 

6.67  ±  1.6 

7.39  ±  1.8 

MRT 

1.99  ±0.36 

8.08  ±2.5 

Relative  BA 

- 

428% 
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Figure  5.  Distribution  of  coumarin-6  liposomes  in  tumor  bearing  lung.  (A)  Fluorescence  images  of  lung  sections  of 
control  and  telmisartan  treated  animals.  Red  arrow  indicates  the  tumor  region.  (B)  Green  fluorescence  intensity  in 
normal  and  cancerous  lung  was  calculated  and  expressed  as  mean  ±  SD.  p-values  were  calculated  using  t- test  and 
p  <  0.05  considered  as  significant.  Normal  lung  tissue  showed  similar  fluorescence  but  telmisartan  treated  group 
showed  higher  fluorescence  in  tumor  region  as  shown  in  graph. 


destabilization  is  the  transfer  of  DTX  from  liposomal 
bilayer  to  aqueous  phase,  where  it  leads  to  aggrega¬ 
tion  and  precipitation  of  DTX  at  very  rapid  rate.  We 
have  hypothesized  that  addition  of  various  solubilizer, 
surfactant  or  albumin  may  reduce  the  amount  of  free 
DTX  in  aqueous  phase  and  attenuate  the  precipitation 
process  but  results  were  completely  opposite  to  our 
hypothesis.  Presence  of  these  excipients  in  the  exter¬ 
nal  phase  of  DTXPL,  resulted  in  more  hydrophilic 
and  hydroxyl  group  rich  environment.  Thus,  addi¬ 
tions  of  hydrophilic  excipients  were  found  to  adversely 
affect  the  stability  by  promoting  the  transfer  in  aque¬ 
ous  phase  followed  by  rapid  precipitation.  DTX  can 
be  transferred  to  other  liposomes  by  collision  between 


the  liposomes  or  by  passive  diffusion  through  aqueous 
phase  [2930] .  Based  on  this,  we  hypothesized  that  addi¬ 
tion  of  blank  liposomes  might  be  helpful  in  inhibiting 
DTX  precipitation.  There  was  a  remarkable  enhance¬ 
ment  in  stability  of  DTXPL  was  observed  after  addi¬ 
tion  of  blank  liposomes  of  DOPC  or  DSPC.  Blank 
DOPC  liposomes  showed  even  better  stability  profile 
compared  with  DSPC  blank  liposomes.  Difference 
in  membrane  fluidity  and  permeability  due  to  differ¬ 
ence  in  phase  transition  temperature  (DOPC:  -17°C; 
DSPC:  55°C)  of  both  the  lipids  could  be  the  main  rea¬ 
son  for  this  behavior  [26].  Blank  liposomes  proved  to 
be  the  most  appropriate  reservoir  system  to  maintain 
sink  conditions,  irrespective  of  DTX  transfer  mecha- 
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telmisartan  Days  after  first  treatment 


Figure  6.  In  vivo  studies  in  A549  orthotopic  lung  tumor  bearing  nude  mice.  (A)  Picrosirius  red  staining  of  lung  tumor  of  control  and 
telmisartan  treated  animals.  Telmisartan  treated  animals  showed  significant  reduction  in  collagen  I  fibers.  (B)  Orthotopic  growth  of 
untreated  and  treated  xenografts.  Lungs  were  collected  3  days  after  the  last  dose  of  DTX  formulation.  Lung  integrity  was  severely 
compromised  in  untreated  group.  (C)  Lung  tumor  weight  (mg  ±  SD)  of  control  and  various  treatment  groups.  (D)  Kaplan-Meier 
survival  plot. 


nism.  At  both  the  storage  conditions,  in  other  words, 
room  temperature  and  2-8°C,  DSPC  liposomes  are  in 
gel  phase  indicating  condensed  and  structurally  well 
organized-somewhat  rigid  arrangement  of  hydrocar¬ 
bon  chains.  However,  DOPC  liposomes  are  in  liquid 
crystalline  phase  at  both  the  storage  conditions.  We 
can  assume  that  reversible  transfer  of  DTX  between 
DTXPL  and  DOPC  blank  liposomes  could  be  easier 
than  DSPC  blank  liposomes. 

The  negative  surface  charge  of  DTXPL  could  be 
contributed  by  negatively  charged  phosphate  group  of 
PEG-DSPE  which  is  in  accordance  with  the  previous 
report  [31] .  Sustained  release  of  DTX  from  stable  and  long 
circulating  liposomes  is  extremely  important  to  achieve 
EPR  dependent  passive  targeting  of  tumor  [32-34] . 

The  pharmacokinetic  profile  of  DTX  liposomes 
was  very  much  in  correlation  with  the  data  of  in  vitro 
release  profile  and  blood  to  plasma  DTX  ratio.  The 
longer  t\l 2  in  the  PEGylated  liposomes  is  related  to 
the  reduced  uptake  of  liposomal  drug  by  the  elements 
of  the  reticuloendothelial  system  (RES)  [12].  Prolong 


circulation  enhance  the  chance  of  extravasation  in 
leaky  tumor  vasculature  and  also  provide  long  term 
exposure  of  drug  to  cancer  cells.  Taxotere  maintained 
the  therapeutic  concentration  of  DTX  only  for  short 
duration  while  DTXPL  released  drug  in  a  controlled 
manner  which  maintained  the  DTX  concentration 
within  therapeutic  window  for  prolonged  period.  The 
lower  V  of  DTXPL  suggested  that  the  liposomes  con¬ 
trolled  the  distribution  of  DTX  to  unwanted  tissues 
and  resulted  in  long  circulation  in  blood  stream. 

Another  important  aspect  of  this  work  was  to  inves¬ 
tigate  the  effect  of  tumor  stroma  disruption  (reduction 
in  tumors  fibrosis)  on  permeation  of  PEGylated  lipo¬ 
somes  and  efficacy  of  DTXPL.  Therapeutic  benefit  of 
EPR  effect  mediated  tumor  uptake  of  nanocarriers  is 
limited  by  poor  penetration  to  deeper  regions  in  tumor. 
Of  course,  EPR  helps  in  preferential  passive  uptake  but 
further  access  into  tumor  tissue  is  minimized  by  tumor 
stroma.  It  was  reported  that  stromal  depletion  results  in 
improved  tumor  perfusion  and  a  lower  TIFP  [35].  We 
have  already  demonstrated  that  telmisartan  admin- 
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Figure  7.  Immunohistochemistry  (IHC)  and  western  blot  analysis  of  lung  tumor.  (A)  IHC  of  lung  tumor  section  for  microvessel  density 
using  CD31  staining.  CD31  stained  tumor  section  of  DTXPL+telmisartan  treated  animal  showed  marked  reduction  in  microvessels. 

(B)  Western  Blot  analysis  of  orthotopic  lung  tumor  lysates.  Western  blot  images  of  different  protein  expressions  in  tumor  lysates. 
Quantitative  analysis  of  expressions  of  (C)  MMP9  and  (D)  MMP2. 

*p  <  0.05;  **p<0.01. 


istered  by  inhalation  route  showed  higher  accumula¬ 
tion  of  fluorescent  polystyrene  nanoparticle  in  tumor 
region  [12] .  Since,  oral  route  has  very  high  patient  com¬ 
pliance  over  aerosol  based  inhalation  route,  in  the  pres¬ 


ent  study  telmisartan  was  administered  by  oral  route. 
Further,  use  of  fluorescent  PEGylated  liposome  (Cou- 
marin-6  as  fluorescent  probe)  could  be  a  superior  choice 
over  fluorescent  polystyrene  nanoparticles.  Therefore, 
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use  of  coumarin-6  loaded  PEGylated  liposomes  to 
investigate  tumor  uptake  is  more  relevant  than  using 
fluorescent  polystyrene  nanoparticles.  Higher  uptake 
of  coumarin-6  can  be  correlated  with  the  disruption  of 
collagen  network  and  tumor  stroma  by  telmisartan.  In 
this  report  for  the  first  time  we  are  showing  simultane¬ 
ous  distribution  of  PEGylated  coumarin-6  liposomes 
between  healthy  and  cancerous  tissue.  Though  there  are 
several  reports  describing  the  use  of  coumarin-6  lipo¬ 
somes  to  investigate  the  cellular  uptake  but  these  studies 
have  been  limited  to  in  vitro  imaging  only  [36-38] . 

The  restrictive  tumor  microenvironment  can  be  ‘nor¬ 
malized’  by  pretreatment  of  agents  that  interfere  with  vas¬ 
cular  growth  factors  (e.g.,  TGF-p,  VEGF,  etc.)  or  agents 
promoting  the  degradation  of  ECM  components  [13]. 
In  our  earlier  report,  we  have  shown  that  telmisartan 
reduced  the  expression  of  Collagen- 1,  TGF-P  1,  cleaved 
caspase-3,  Vimentin  and  E-Cadherin  expression  in 
lung  tumor  [13].  In  this  paper,  we  have  investigated  the 
effect  of  telmisartan  treatment  on  level  of  MMPs.  In 
solid  tumors,  MMPs  expression  is  regulated  by  TGF-p, 
while  MMPs,  are  produced  either  by  cancer  or  stromal 
cells,  activate  latent  TGF-P  in  the  ECM,  together  facili¬ 
tating  the  enhancement  of  tumor  progression.  MMPs 
are  mostly  involved  in  the  recycling  of  ECM  as  well  as 
in  releasing  cytokines  and  growth  factors  from  ECM. 
Tumor  stromal  cells  express  high  levels  of  MMP2  at  the 
advancing  tumor  front  and  are  responsible  for  invasion 
and  metastases.  Although,  there  are  homologies  between 
functional  domains  among  the  MMPs,  only  MMP2 
and  MMP9,  contain  collagen  binding  domains  (CBDs) 
formed  by  three-tandem  fibronectin  type  Il-like  mod¬ 
ules.  MMP2  is  a  key  component  of  cancer  cell  migration 
across  collagen  by  a  mechanism  involving  CBD -mediated 
MMP2  interactions  with  collagen.  As  shown  in  results, 
DTX+ telmisartan  combination  significantly  inhibited 
the  MMP2  and  MMP9  expression.  As  mentioned  ear¬ 
lier,  tumor  extracellular  matrix  (ECM)  is  mainly  com¬ 
posed  of  a  dense  collagen  network  embedded  in  the  gel 
of  glycosaminoglycans  (GAGs),  primarily  hyaluronan.  A 
number  of  studies  demonstrating  the  use  of  collagenase, 
hyaluronidase  and  lysyl  oxidase  to  degrade  tumor  ECM, 
as  a  means  to  improve  the  delivery  of  various  therapeutics 
have  been  published  in  last  decade  [39,40].  Collagenase 
labeled  gold  nanoparticle  exhibited  33%  higher  tumor 
accumulation  compared  with  unlabeled  gold  nanopar¬ 
ticles  [17].  Also,  it  has  been  shown  that  liposomes  injected 
1  h  after  the  collagenase  injection,  led  to  approximately 
1.5 -fold  increase  in  tumor  uptake.  Further,  pretreat¬ 
ment  with  collagenase  and  hyaluronidase  were  found  to 
enhance  the  transfection  efficiency  of  plasmid  DNA  in 
subcutaneous  tumor  [39]. 

However,  orally  bioavailable  small  molecular  inhibi¬ 
tors  should  be  preferred  over  intravenous  injection  of 


proteolytic  enzymes  for  disrupting  the  tumor  stroma. 
Recently,  losartan  has  been  reported  to  reduce  stromal 
collagen  and  hyaluronan  production,  associated  with 
decreased  expression  of  profibrotic  signals  including 
TGF-pi  [41].  There  are  few  small  and  large  molecular 
(lerdelimumab  and  metelimumab)  TGF-P  inhibitiors 
currently  under  preclinical  or  clinical  trial  showing 
antifibrotic  activity  in  cancer,  glaucoma  and  other 
fibrosis  related  disorders  [42] .  Liu  et  al.  reported  that 
TGF-P  inhibition  improves  the  distribution  and  effi¬ 
cacy  of  therapeutics  in  breast  carcinoma  by  normal¬ 
izing  the  tumor  stroma  [15].  In  a  pancreatic  tumor 
model,  a  small  molecule  TGF-p  receptor  I  inhibitor 
(LY3649 47)  showed  enhanced  uptake  of  the  nanolipo- 
somes-Doxil®  and  polymeric  micelles  (30  and  70  nm), 
but  did  not  affect  distribution  of  small  molecular 
weight  chemotherapeutic  agent  [43].  Further,  TGF-P 
type  I  receptor  inhibition  resulted  in  decreased  peri¬ 
cyte  coverage  of  the  endothelial  cells  in  tumor  neovas¬ 
culature  and  promoted  higher  accumulation  of  nano¬ 
medicines  [43] .  Most  of  these  studies  reported  the  use  of 
novel  TGF-P  inhibitor  while  we  have  used  a  low  dose 
of  a  well-established  drug  to  minimize  the  risk  of  pos¬ 
sible  side  effects  and  toxicity.  Simultaneous  delivery  of 
PEGylated  formulation  with  antifibrotic  therapy  was 
further  reflected  in  orthotopic  xenograft  tumor  bear¬ 
ing  nude  mice  model.  Significantly  higher  tumor  sur¬ 
vival,  intact  lung  structure  and  lung  tumor  weight  sim¬ 
ilar  to  normal  mice  at  the  end  of  animal  study  clearly 
indicated  the  promising  potential  of  DTX+ telmisartan 
treatment.  Superior  pharmacodynamics  activity  was 
contributed  by  oral  telmisartan  mediated  enhanced 
uptake  of  DTXPL  in  tumor  region  over  healthy  lung 
tissue.  The  strategy  of  using  tumor  stromal  disrupt¬ 
ing  agents  prior  to  the  treatment  with  anticancer  drug 
loaded  nanocarrier  has  a  promising  translational  poten¬ 
tial.  Therapeutic  efficacy  of  various  types  of  nanomed¬ 
icine  (liposomes,  polymer-drug  conjugates,  polymeric 
micelles)  can  be  significantly  enhanced  by  disrupting 
tumor  stroma  using  a  small  molecule  antifibrotic  agent. 
Since  there  are  many  nanomedicinal  products  for  the 
delivery  of  drugs,  DNA,  siRNA,  diagnostic  agents  or 
imaging  agents  will  probably  be  commercialized  in  the 
near  future;  this  approach  has  potential  clinical  appli¬ 
cations.  Moreover,  DTXPL  has  potential  for  clinical 
application  due  to  its  facile  and  scale  up  feasible  tech¬ 
nology,  long  term  stability  compared  with  liposomal 
formulations  and  enhanced  efficacy  of  docetaxel. 

Future  perspective 

Pretreatment  with  antifibrotic  agent  prior  to  the  treat¬ 
ment  of  anticancer  nanomedicine  will  be  integral  part 
of  cancer  chemotherapy  in  future.  Nanomedicine  is 
future  of  cancer  treatment  and  most  of  the  nanoformu- 
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lations  under  preclinical  or  clinical  trial  are  designed 
for  taxane  (paclitaxel  or  docetaxel)  delivery.  In  such 
scenario,  there  is  a  need  to  explore  means  to  enhance 
the  delivery  of  nanoparticle  to  deeper  layer  of  tumors. 
Therapeutic  efficacy  of  various  types  of  nanomedi¬ 
cine  (liposomes,  polymer-drug  conjugates,  polymeric 
micelles)  can  be  significantly  enhanced  by  disrupt¬ 
ing  tumor  stroma  using  a  small  molecular  antifibrotic 
agent.  Further,  our  novel  modified  hydration  method 
has  huge  scope  of  commercialization  for  clinical  use 
due  to  its  several  advantages  over  conventional  method. 

Conclusion 

Modified  hydration  is  a  superior  method  to  prepare 
stable  liposomes  of  drugs  with  severe  solubility  and 
precipitation  issues.  Addition  of  small  amount  of  blank 
liposomes  leads  to  remarkable  enhancement  in  physical 
stability  of  DTXPL.  This  method  has  a  huge  scope  for 
commercialization  due  to  its  facile  and  scale  up  feasible 
manufacturing  technology,  long  term  stability  and  high 
drug  loading  capacity.  PEGylation  driven  prolong  cir¬ 
culation,  improved  pharmacokinetics,  EPR  facilitated 
passive  accumulation  and  telmisartan  mediated  deeper 
penetration  of  DTXPL  have  collectively  contributed  to 
superior  anticancer  efficacy  of  DTX.  Enhancement  of 
intratumoral  deposition  of  nanocarrier  by  oral  telmis¬ 
artan  treatment  could  be  a  simple  and  extremely  ben¬ 
eficial  approach  in  improving  the  clinical  outcome  of 
existing  and  upcoming  anticancer  nanoformulations. 
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Executive  summary 


Preparation  of  docetaxel-loaded  PEGylated  liposomes  using  modified  hydration  method 

•  Docetaxel  liposome  prepared  using  modified  hydration  method  (developed  in  our  laboratory)  showed  very 
high  stability  compared  with  liposomes  prepared  using  conventional  (ethanol  injection  or  thin  film  hydration) 
methods. 

•  Modified  hydration  technique  was  found  to  be  the  most  suitable  method  to  develop  stable  PEGylated 
liposomes  of  drug  with  severe  solubility  and  precipitation  problem,  for  example,  paclitaxel  or  docetaxel. 

Strategies  to  prevent  docetaxel  precipitation 

•  Blank  liposomes  composed  of  unsaturated  phospholipids  serve  as  a  reservoir  system  to  subside  the  docetaxel 
precipitation  rate  while  hydrophilic  solubilizers  and  surfactants  enhanced  the  docetaxel  precipitation. 

Pharmacokinetic  studies  in  rats 

•  The  pharmacokinetic  profile  of  DTX  liposomes  was  very  much  in  correlation  with  the  data  of  in  vitro  release 
profile  and  blood  to  plasma  DTX  ratio.  The  longer  tl/2  in  the  PEGylated  liposomes  is  related  to  the  reduced 
uptake  of  liposomal  drug  by  the  elements  of  the  reticuloendothelial  system  (RES). 

Uptake  of  coumarin-6  PEGylated  liposomes  in  lung  tumor 

•  Significantly  higher  uptake  of  liposomes  in  tumoral  vs  healthy  tissues  was  observed  in  telmisartan  pretreated 
animals  suggesting  the  compromised  tumor  stromal  barrier  in  telmisartan  treated  animals. 

Anticancer  study  in  orthotopic  lung  tumor-bearing  nude  mice 

•  Picrosirius  red  staining  showed  a  significantly  lower  collagen  I  in  the  tumor  of  telmisartan-treated  animals. 

•  Significantly  higher  tumor  survival,  intact  lung  structure  and  lung  tumor  weight  similar  to  normal  mice  at  the 
end  of  animal  study  clearly  indicated  the  promising  potential  of  DTX+Telmisartan  treatment. 

•  Superior  pharmacodynamics  activity  is  contributed  by  telmisartan  mediated  TGF-p  and  other  cytokines 
modulatory  effects  in  disrupting  tumor  ECM  and  enhancing  DTXPL  uptake  in  tumor  region  over  healthy  lung 
tissue. 
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NR4A1  Antagonists  Inhibit  pi-Integrin-Dependent  Breast  Cancer  Cell 
Migration 


Erik  Hedrick,3  Syng-Ook  Lee,b  Ravi  Doddapaneni,c  Mandip  Singh, c  Stephen  Safe3 

Department  of  Veterinary  Physiology  and  Pharmacology,  Texas  A&M  University,  College  Station,  Texas,  USAa;  Department  of  Food  Science  and  Technology,  Keimyung 
University,  Daegu,  Republic  of  Koreab;  Department  of  Pharmaceutics,  College  of  Pharmacy  and  Pharmaceutical  Sciences,  Florida  A&M  University,  Tallahassee,  Florida,  USAC 

Overexpression  of  the  nuclear  receptor  4A1  (NR4A1)  in  breast  cancer  patients  is  a  prognostic  factor  for  decreased  survival  and 
increased  metastasis,  and  this  has  been  linked  to  NR4A1 -dependent  regulation  of  transforming  growth  factor  P  (TGF-P)  signal¬ 
ing.  Results  of  RNA  interference  studies  demonstrate  that  basal  migration  of  aggressive  SKBR3  and  MDA-MB-231  breast  cancer 
cells  is  TGF-p  independent  and  dependent  on  regulation  of  pi-integrin  gene  expression  by  NR4A1  which  can  be  inhibited  by  the 
NR4A1  antagonists  1,1 -bis (3 '-indolyl)-l-(p-hydroxyphenyl) methane  (DIM-C-pPhOH)  and  a  related p-carboxymethylphenyl 
[l,l-bis(3'-indolyl)-l-(p-carboxymethylphenyl)methane  (DIM-C-pPhC02Me)]  analog.  TheNR4Al  antagonists  also  inhibited 
TGF-p-induced  migration  of  MDA-MB-231  cells  by  blocking  nuclear  export  of  NR4A1,  which  is  an  essential  step  in  TGF-p-in- 
duced  cell  migration.  We  also  observed  that  NR4A1  regulates  expression  of  both  pi  -  and  p3-integrins,  and  unlike  other  pl-in- 
tegrin  inhibitors  which  induce  prometastatic  P3-integrin,  NR4A1  antagonists  inhibit  expression  of  both  pi-  and  P3-integrin, 
demonstrating  a  novel  mechanism-based  approach  for  targeting  integrins  and  integrin-dependent  breast  cancer  metastasis. 


Cell  adhesion  and  attachment  are  essential  for  tissue  integrity 
and  cellular  homeostasis,  and  the  heterodimeric  integrin  cell 
surface  receptors  play  a  critical  role  in  these  processes  ( 1-3).  There 
are  18  different  a  subunits  and  8  different  P  subunits  that  form  24 
ap-integrin  receptor  heterodimers,  and  the  large  12-member  pi- 
integrin  subgroup  bind  multiple  extracellular  matrix  (ECM)  mol¬ 
ecules  to  activate  multiple  intracellular  pathways  and  also  induce 
cross  talk  with  other  signaling  systems  (1-3).  The  functions  of 
integrin  heterodimers  are  highly  tissue  specific,  and  many  human 
pathologies  also  involve  integrin  signaling  (reviewed  in  references 
4  and  5).  pi -Integrin  is  highly  expressed  in  most  tumors  and  is 
associated  with  a  negative  prognostic  significance  such  as  overall 
and  disease-free  survival,  recurrence,  and  metastasis  for  head  and 
neck  and  squamous  cell  carcinoma,  melanoma,  lung,  breast,  pros¬ 
tate,  laryngeal,  and  pancreatic  cancers  (6-17).  A  recent  immuno- 
staining  study  of  225  breast  invasive  ductal  carcinomas  (IDCs) 
showed  that  pi -integrin  was  overexpressed  in  32.8%  of  patients 
with  IDCs  (13).  Numerous  studies  show  that  focal  adhesion  ki¬ 
nase  (FAK)  which  is  downstream  from  pi -integrin  is  also  a  neg¬ 
ative  prognostic  factor  for  breast  cancer  patients  (18-20).  The 
important  functional  role  of  pi -integrin  has  been  demonstrated 
in  mouse  models  expressing  erbB2  under  the  control  of  the  mouse 
mammary  tumor  virus  and  crossed  with  mammary  tissue-specific 
pi-integrin-deficient  mice.  These  mice  exhibit  a  decrease  in  tu¬ 
mor  volume,  increased  apoptosis,  and  decreased  lung  metastasis 
compared  to  animals  expressing  wild-type  pi -integrin  (21-23). 
Although  small  molecules,  peptides,  and  antibodies  that  inhibit 
pi -integrin  signaling  have  been  developed,  clinical  agents  that 
target  pi -integrin  for  cancer  chemotherapy  are  not  currently 
available. 

The  orphan  nuclear  receptor  4A1  (NR4A1)  (also  called  TR3  or 
Nur77)  is  overexpressed  in  breast  cancer  and  other  tumors,  and 
functional  studies  show  that  NR4A1  exhibits  prooncogenic  activ¬ 
ity  (reviewed  in  reference  24).  Studies  in  this  laboratory  have  char¬ 
acterized  a  series  of  l,l-bis(3'-indolyl)-l-(p-substituted  phenyl) 
methane  (C-DIM)  analogs  that  bind  NR4A1  and  act  as  receptor 
antagonists  to  inhibit  growth  and  induce  apoptosis  in  several  can¬ 


cer  cell  lines  and  in  tumors  from  mouse  xenografts  (25-30).  A 
recent  study  demonstrated  functional  interactions  between 
NR4A1  and  transforming  growth  factor  P  (TGF-P)  and  in  estro¬ 
gen  receptor  (ER)-negative  MDA-MB-231  cells,  knockdown  of 
NR4A1  decreased  migration  and  also  inhibited  TGF-P-induced 
migration  of  this  cell  line  (31).  Results  of  gene  array  studies  in 
pancreatic  cancer  cells  identified  P 1 -integrin  as  a  potential 
NR4A1 -regulated  gene  (27).  In  this  study,  we  demonstrate  that 
NR4A1  regulates  pi -integrin  expression  and  pi -integrin-depen¬ 
dent  migration  of  breast  cancer  cells,  and  this  is  accompanied  by 
decreased  expression  of  P3-integrin.  In  MDA-MB-231  cells,  re¬ 
sults  of  our  studies  show  that  both  constitutive  and  TGF-P -in¬ 
duced  migration  are  dependent  on  nuclear  and  extranuclear 
NR4A1 -regulated  pathways,  respectively.  C-DIM/NR4A1  antag¬ 
onists  inhibit  NR4A1 -dependent  expression  of  pi  -  and  P3-integ- 
rins  and  other  prooncogenic  NR4A1 -regulated  genes  and  path¬ 
ways  and  represent  a  novel  class  of  mechanism-based  anticancer 
agents. 

MATERIALS  AND  METHODS 

Cell  lines  and  antibodies.  SKBR3,  MDA-MB-23 1 ,  and  MCF-7  breast  can¬ 
cer  cells  were  purchased  from  American  Type  Culture  Collection  (Manas¬ 
sas,  VA).  The  cells  were  maintained  at  37°C  in  the  presence  of  5%  C02  in 
Dulbecco’s  modified  Eagle’s  medium  (DMEM)-Ham’s  F-12  medium 
with  10%  fetal  bovine  serum  with  antibiotic.  NR4A1  antibody  was  pur- 
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chased  from  Novus  Biologicals  (Littleton,  CO).  TGF-(3  was  purchased 
from  BD  Biosystems  (Bedford,  MA).  (3-Actin  antibody,  Dulbecco’s  mod¬ 
ified  Eagle’s  medium,  RPMI  1640  medium,  and  36%  formaldehyde  were 
purchased  from  Sigma-Aldrich  (St.  Louis,  MO).  Hematoxylin  was  pur¬ 
chased  from  Vector  Laboratories  (Burlingame,  CA).  (33-Integrin,  phos- 
phorylated  focal  adhesion  kinase  (p-FAK),  FAK,  axin  2,  leptomycin  B,  and 
NR4A1  immunofluorescent  antibody  were  purchased  from  Cell  Signaling 
Technologies  (Manassas,  VA).  (31-Integrin  antibody  was  purchased  from 
Santa  Cruz  Biotech  (Santa  Cruz,  CA),  p84  antibody  was  purchased  from 
GeneTex  (Irvine,  CA),  and  glyceraldehyde-3-phosphate  dehydrogenase 
(GAPDH)  antibody  was  purchased  from  Biotium  (Hayward,  CA). 

Cell  adhesion  assay.  SKBR3,  MDA-MB-231,  and  MCF-7  cancer  cells 
(3.0  X  105  per  well)  were  seeded  in  Dulbecco’s  modified  Eagle’s  medium- 
Ham’s  F-12  medium  supplemented  with  2.5%  charcoal-stripped  fetal  bo¬ 
vine  serum  and  were  allowed  to  attach  for  24  h.  The  cells  were  seeded  and 
subsequently  treated  with  various  concentrations  of  l,l-bis(3'-indolyl)- 
l-(p-hydroxyphenyl) methane  (DIM-C-pPhOH)  or  p-carboxymethyl- 
phenyl  (1,1  -bis(3 '  -indolyl)  - 1  -(p-carboxymethylphenyl) methane  [DIM- 
C-pPhC02Me])  for  24  h  or  1  h  prior  to  treatment  with  TGF-(3  (5  ng/ml) 
(4-h  cotreatment)  or  without  TGF-(3  or  with  100  nM  si(31-integrin  (small 
interfering  RNA  against  (31-integrin)  or  siNR4Al  for  48  h.  The  cells  were 
trypsinized,  counted,  and  then  placed  for  90  min  on  BD  BioCoat  human 
fibronectin  cellware  24-well  plates  (BD  Biosciences,  Bedford,  MA).  The 
medium  was  then  aspirated,  and  the  wells  were  gently  washed  with  phos¬ 
phate-buffered  saline  (PBS)  and  stained  with  0.5%  crystal  violet  stain.  The 
cells  were  then  counted  for  adhesion  to  fibronectin.  Wells  coated  with 
bovine  serum  albumin  (BSA)  and  poly-L-lysine  were  used  as  negative 
controls. 

Boyden  chamber  assay.  SKBR3,  MDA-MB-231,  and  MCF-7  cancer 
cells  (3.0  X  105  per  well)  were  seeded  in  Dulbecco’s  modified  Eagle’s 
medium-Ham’s  F-12  medium  supplemented  with  2.5%  charcoal- 
stripped  fetal  bovine  serum  and  were  allowed  to  attach  for  24  h.  The  cells 
were  seeded  and  subsequently  treated  with  various  concentrations  of 
DIM-C-pPhOH  or  DIM-C-pPhC02Me  for  24  h  or  1  h  prior  to  treatment 
with  TGF-(3  (5  ng/ml)  (4  h  cotreatment)  or  without  TGF-(3  or  with  100 
nM  sipl-integrin,  siNR4Al,  siSpl  (Spl  stands  for  specificity  protein  1),  or 
sip300  for  48  h.  The  cells  were  trypsinized,  counted,  placed  in  24-well 
8.0- pan-pore  ThinCerts  from  BD  Biosciences  (Bedford,  MA),  allowed  to 
migrate  for  24  h,  fixed  with  formaldehyde,  and  then  stained  with  hema¬ 
toxylin.  Cells  that  migrated  through  the  pores  were  then  counted. 

Real-time  PCR.  RNA  was  isolated  using  Zymo  Research  Quick-RNA 
MiniPrep  kit  (Irvine,  CA).  Quantification  of  mRNA  ((31-integrin,  (33- 
integrin)  was  performed  using  Bio-Rad  iTaq  universal  SYBR  green  one- 
step  kit  (Richmond,  CA)  using  the  manufacturer’s  protocol  with  real¬ 
time  PCR.  TATA  binding  protein  (TBP)  mRNA  was  used  as  a  control  to 
determine  relative  mRNA  expression. 

Immunoprecipitation.  MDA-MB-231  cancer  cells  (3.0  X  105  per 
well)  were  seeded  in  Dulbecco’s  modified  Eagle’s  medium-Ham’s  F-12 
medium  supplemented  with  2.5%  charcoal-stripped  fetal  bovine  serum 
and  allowed  to  attach  for  24  h.  The  medium  was  then  changed  to  DMEM- 
Ham’s  F-12  medium  containing  2.5%  charcoal-stripped  fetal  bovine  se¬ 
rum,  and  either  dimethyl  sulfoxide  (DMSO)  or  TGF-(3  (5  ng/ml)  was 
added  for  4  h  (after  pretreatment  with  leptomycin  B  [20  nM]  for  24  h  or 
pretreatment  with  20  pM  DIM-C-pPhOH  or  DIM-C-pPhC02Me  or  no 
pretreatment).  Protein  A  Dynabeads  were  prepared,  and  binding  of  anti¬ 
body  with  protein  and  protein-protein  interactions  were  isolated  by  Life 
Technologies  immunoprecipitation  kit  using  Dynabeads  coated  with  pro¬ 
tein  A  (Grand  Island,  NY)  following  the  manufacturer’s  protocol.  Pro¬ 
tein-protein  interactions  of  interest  were  determined  by  Western  blot 
analysis. 

Chromatin  immunoprecipitation.  The  chromatin  immunoprecipi¬ 
tation  (ChIP)  assay  was  performed  using  the  ChIP-IT  Express  magnetic 
chromatin  immunoprecipitation  kit  (Active  Motif,  Carlsbad,  CA)  accord¬ 
ing  to  the  manufacturer’s  protocol.  SKBR3  and  MDA-MB-231  cells  were 
treated  with  DMSO,  DIM-C-pPhOH,  or  DIM-C-pPhC02Me  (15  or  20 


pM)  for  24  h.  The  cells  were  then  fixed  with  1%  formaldehyde,  and  the 
cross-linking  reaction  was  stopped  by  the  addition  of  0.125  M  glycine. 
After  the  cells  were  washed  twice  with  phosphate-buffered  saline,  the  cells 
were  scraped  and  pelleted.  Collected  cells  were  hypotonically  lysed,  and 
nuclei  were  collected.  Nuclei  were  then  sonicated  to  the  desired  chromatin 
length  (—200  to  1,500  bp).  The  sonicated  chromatin  was  immunoprecipi- 
tated  with  normal  IgG,  p300  (Santa  Cruz),  siSpl  (Abeam),  NR4A1 
(Novus  Biologicals),  or  RNA  polymerase  II  (Pol  II)  (Active  Motif)  anti¬ 
bodies  and  protein  A-conjugated  magnetic  beads  at  4°C  overnight.  After 
the  magnetic  beads  were  extensively  washed,  protein-DNA  cross-links 
were  reversed  and  eluted.  DNA  was  prepared  by  proteinase  K  digestion 
followed  by  PCR  amplification.  The  primers  for  detection  of  the  (31- 
integrin  promoter  region  were  5'-TCACCACCCTTCGTGACAC-3' 
(sense)  and  5'-GAGATCCTGCATCTCGGAAG-3'  (antisense),  and  the 
primers  for  detection  of  the  (33-integrin  promoter  region  were  5'-TCTC 
AGGCGCAGGGTCTAGAGAA-3 '  (sense)  and  5'-TCGCGGCGCCCAC 
CGCCTGCTCTACGCT-3'  (antisense).  PCR  products  were  resolved  on  a 
2%  agarose  gel  in  the  presence  of  RGB-4103  GelRed  nucleic  acid  stain. 

Nuclear/cytosolic  extraction.  MDA-MB-231  cancer  cells  (3.0  X  105 
per  well)  were  seeded  in  Dulbecco’s  modified  Eagle’s  medium-Ham’s 
F-12  medium  supplemented  with  2.5%  charcoal-stripped  fetal  bovine 
serum  and  were  allowed  to  attach  for  24  h.  The  medium  was  then  changed 
to  DMEM-Ham’s  F-12  medium  containing  2.5%  charcoal-stripped  fetal 
bovine  serum,  and  either  DMSO  or  TGF-(3  (5  ng/ml)  was  added  for  4  h 
(after  pretreatment  with  20  nM  leptomycin  B  for  24  h  or  pretreatment 
with  20  pM  DIM-C-pPhOH  or  DIM-C-pPhC02Me  or  no  pretreatment). 
Nuclear  and  cytosolic  fractions  were  then  isolated  using  Thermo  Scientific 
NE-PER  nuclear  and  cytoplasmic  extraction  kit  (Rockford,  IL)  according 
to  the  manufacturer’s  protocol.  Fractions  were  then  analyzed  by  Western 
blotting.  GAPDH  and  p84  were  used  as  cytoplasmic  and  nuclear  positive 
controls,  respectively. 

Immunofluorescence.  MDA-MB-231  (1.0  X  105  per  well)  were 
seeded  in  two-well  Nunc  Lab-Tek  chambered  borosilicate  cover  glass 
slides  (no.  1  borosilicate  cover  glass)  from  Thermo  Scientific  and  were 
allowed  to  attach  for  24  h.  The  medium  was  then  changed  to  DMEM- 
Ham’s  F-12  medium  containing  2.5%  charcoal-stripped  fetal  bovine  se¬ 
rum,  and  either  DMSO  or  TGF-(3  (5  ng/ml)  was  added  for  4  h  (after 
pretreatment  with  leptomycin  B  [20  nM]  for  24  h  or  pretreatment  with  20 
pM  DIM-C-pPhOH  or  DIM-C-pPhC02Me  or  no  pretreatment).  The 
cells  were  then  treated  with  fluorescent  NR4A1  primary  antibody  [Nur77 
(D63C5)  XP],  and  immunofluorescence  was  observed  according  to  Cell 
Signaling  Technology’s  immunofluorescence  protocol.  4',6'-Diamidino- 
2-phenylindole  (DAPI)  staining  was  observed  using  Hoechst  staining  ac¬ 
cording  to  Biotium’s  apoptotic  and  necrotic  assay  kit  by  following  the 
manufacturer’s  protocol.  The  cells  were  visualized  by  microscopy  (Ad¬ 
vanced  Microscopy),  and  NR4A1  localization  was  determined  by  green 
fluorescence.  DAPI  was  used  to  stain  the  nucleus,  and  images  were  taken 
sequentially  of  NR4A1,  DAPI,  and  then  merged  (28-30). 

Western  blot  analysis.  SKBR3,  MDA-MB-231,  and  MCF-7  cancer 
cells  (3.0  X  105  per  well)  were  seeded  in  Dulbecco’s  modified  Eagle’s 
medium-Ham’s  F-12  medium  supplemented  with  2.5%  charcoal- 
stripped  fetal  bovine  serum  and  were  allowed  to  attach  for  24  h.  The  cells 
were  transfected  with  100  nM  si(31-integrin,  siNR4Al,  siSpl,  or  sip300  for 
72  h  or  treated  with  various  C-DIM  compounds.  Cell  lysates  were  ana¬ 
lyzed  by  Western  blotting  as  described  previously  (28-30). 

Small  interfering  RNA  interference  assay.  Small  interfering  RNA 
(siRNA)  experiments  were  conducted  as  described  previously  (28-30). 
The  siRNA  complexes  used  in  the  study  are  as  follows:  siGL2-5',  CGU 
ACG  CGG  AAU  ACU  UCG  A;  siNR4Al,  SASI_Hs02_00333289[l], 
SASI_Hs02_00333290  [2] ;  si(31-integrin,  SASI_Hs02_00333437[l], 
SASI_Hs01_00 159474;  siSpl,  SASI_Hs02_003;  sip300,  SASI_Hs01_ 
00052818. 

Triple-negative  breast  cancer  (TNBC)  orthotopic  xenograft  studies. 

Female  BALB/c  nude  mice  (6  to  8  weeks  old)  were  obtained  (Charles  River 
Laboratory,  Wilmington,  MA)  and  maintained  and  treated  as  previously 
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FIG  1  NR4A1  regulates  (31  -integrin  expression  in  breast  cancer  cells  and  tumors.  (A)  Breast  cancer  cells  were  transfected  with  siNR4Al,  and  cell  extracts  were 
analyzed  for  protein  and  mRNA  expression  by  Western  blotting  or  real-time  PCR,  respectively,  as  outlined  in  Materials  and  Methods.  (B  and  C)  Breast  cancer 
cells  were  treated  with  DMSO,  DIM-C-pPhOH,  or  DIM-C-pPhC02Me  for  24  h,  and  extracts  were  analyzed  for  protein  (B)  or  mRNA  (C)  levels  by  Western 
blotting  and  real-time  PCR,  respectively,  as  outlined  in  Materials  and  Methods.  (D)  Cell  lysates  from  tumors  (MDA-MB-231  orthotopic)  (30)  derived  from 
animals  treated  with  corn  oil  (control)  or  DIM-C-pPhC02Me  (C-DIM-14;  40  mg/kg  of  body  weight/ day)  were  analyzed  by  Western  blotting,  and  decreased 
protein  expression  was  determined  and  normalized  against  the  P-actin  protein  loading  control.  Quantified  data  are  presented  as  means  plus  standard  errors  (SE) 
(error  bars)  (at  least  three  replicates),  and  significant  (P  <  0.05)  decreases  are  indicated  by  an  asterisk. 


described  (30).  Tumor  volumes  and  tumor  weights  were  determined  as 
previously  described  (30).  Tumor  lysates  were  obtained  and  analyzed  by 
Western  blotting. 

Statistical  analysis.  Statistical  significance  of  differences  between  the 
treatment  groups  was  determined  by  Student’s  t  test.  The  results  are  ex¬ 
pressed  as  means  with  error  bars  representing  95%  confidence  intervals 
(95%  CIs)  for  at  least  three  experiments  for  each  group  unless  otherwise 
indicated.  A  P  value  of  <0.05  was  considered  statistically  significant.  All 
statistical  tests  were  two  sided. 

RESULTS 

NR4A1  regulates  pi-integrin  expression.  (3 1  -Integrin  is  ex¬ 
pressed  in  ER-positive  MCF-7,  ER-negative  MDA-MB-231,  and 
erbB2- overexpressing  SKBR3  breast  cancer  cells,  and  knockdown 
of  NR4A1  (siNR4Al)  by  RNA  interference  (RNAi)  decreased  ex¬ 


pression  of  pi -integrin  protein  and  mRNA  (Fig.  1A).  Previous 
studies  identified  l,l-bis(3'-indolyl)-l-(p-hydroxyphenyl)meth- 
ane  (DIM-C-pPhOH;  C-DIM8)  and  l,l-bis(3'-indolyl)-l-(p-car- 
boxymethylphenyl) methane  (DIM-C-pPhC02Me;  C-DIM14)  as 
NR4A1  ligands  that  act  as  antagonists  in  breast  and  other  cancer 
cell  lines  (25-30),  and  both  compounds  also  decreased  expression 
of  pi -integrin  protein  (Fig.  IB)  and  mRNA  (Fig.  1C)  in  MCF-7, 
MDA-MB-231,  and  SKBR3  cells.  Moreover,  Western  blot  analysis 
of  tumor  lysates  from  mice  bearing  MDA-MB-231  cells  (ortho¬ 
topic)  (30)  showed  that  DIM-C-pPhC02Me  significantly  de¬ 
creases  pi -integrin  protein  expression  (Fig.  ID),  pi -Integrin  reg¬ 
ulates  phosphorylation  of  FAK  (p-FAK),  and  transfection  of 
MCF-7,  MDA-MB-231,  and  SKBR3  cells  with  siNR4Al  (Fig.  2A) 
or  treatment  with  DIM-CpPhOH  (Fig.  2B)  or  DIM-C- 
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FIG  2  NR4A1  regulates  (31-integrin-dependent  responses.  Breast  cancer  cells  were  transfected  with  siNR4Al  (A),  treated  with  DMSO  and  DIM-C-pPhOH  (B) 
or  DIM-C-pPhC02Me  (C)  for  24  h,  and  whole-cell  lysates  were  analyzed  by  Western  blotting  as  outlined  in  Materials  and  Methods.  (D)  Tumor  lysates  from  mice 
(MDA-MB-231  orthotopic- derived  [30])  treated  with  corn  oil  or  DIM-C-pPhC02Me  (40  mg/kg/day)  were  analyzed  by  Western  blotting  and  quantitated  as 
outlined  in  the  legend  to  Fig.  ID.  (E  and  F)  The  effects  of  siNR4Al  and  si(31 -integrin  (E)  or  DIM-C-pPhOH  and  DIM-C-pPhC02Me  (F)  on  fibronectin- induced 
adhesion  of  breast  cancer  cells  was  determined  as  outlined  in  Materials  and  Methods.  Results  in  panels  D  to  F  are  means  plus  SE  (error  bars)  (at  least  three 
replicates),  and  a  significant  (P  <  0.05)  decrease  is  indicated  by  an  asterisk.  Western  blots  in  Fig.  1  and  2  were  derived  from  the  same  experiment  showing  effects 
on  (31 -integrin  (Fig.  1)  and  (31-integrin-regulated  responses  (Fig.  2). 


pPhC02Me  (Fig.  2C)  decreased  phosphorylation  of  FAK.  In  ad¬ 
dition,  results  from  the  in  vivo  orthotopic  study  (30)  showed  that 
p-FAK  is  decreased  in  tumors  from  mice  bearing  MDA-MB-231 
cells  and  treated  with  DIM-C-pPhC02Me  (Fig.  2D).  Fibronectin- 
induced  cell  adhesion  is  also  a  prototypical  (31 -integrin- regulated 
response,  and  cell  adhesion  was  significantly  decreased  in  MCF-7, 
MDA-MB-231,  and  SKBR3  cells  after  transfection  with  siNR4Al 


(Fig.  2E)  or  after  treatment  with  DIM-C-pPhOFF  or  DIM-C- 
pPhC02Me  (Fig.  2F).  For  a  positive  control,  we  showed  that 
knockdown  of  (3 1  -integrin  (si(3 1  -integrin)  by  RNA  also  decreased 
cell  adhesion  (Fig.  2E)  (see  Fig.  SI  in  the  supplemental  material). 

Mechanisms  of  NR4A1  regulation  of  (31 -integrin  and  (33-in- 
tegrin.  NR4A1  regulates  gene  expression  through  direct  interac¬ 
tions  with  genomic  nerve  growth  factor  Ba  (NGFBa)  response 
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FIG  3  Role  of  NR4Al/p300/Spl  in  regulation  of  pi-  and  p3-integrin.  (A)  Analysis  of  Pol  II,  NR4A1,  Spl,  and  p300  binding  to  the  pl-integrin  promoter  was 
determined  in  a  ChIP  assay  using  the  indicated  primers  (ITGB1  F  [ITGB1  stands  for  pi -integrin  and  F  stands  for  forward]  and  ITGB1  R  [R  stands  for  reverse] ). 
TSS,  transcription  start  site.  (B)  Cells  were  treated  with  oligonucleotides  that  knock  down  Spl  (siSpl)  and  p300  (sip300),  and  whole-cell  lysates  were  analyzed  by 
Western  blotting  as  outlined  in  Materials  and  Methods.  (C)  Cells  were  transfected  with  siNR4Al  or  treated  with  DIM-C-pPhOH  (C-DIM8)  or  DIM-C- 
pPhC02Me  (C-DIM 14),  and  whole-cell  lysates  were  analyzed  by  Western  blotting  as  outlined  in  Materials  and  Methods.  (D)  Cells  were  transfected  with  siNR4Al 
or  treated  with  C-DIM8  or  C-DIM14,  and  their  effects  on  p3-integrin  (ITGB3)  mRNA  levels  were  determined.  The  treatments  significantly  (P  <  0.05)  decrease 
mRNA  levels.  (E)  Analysis  of  Pol  II,  NR4A1,  Spl,  and  p300  binding  to  the  proximal  GC-rich  region  of  the  P3-integrin  promoter  was  determined  in  a  ChIP  assay 
as  outlined  in  Materials  and  Methods.  (F)  Cells  were  transfected  with  siSpl  and  sip300  and  analyzed  by  real-time  PCR  for  p3-integrin  mRNA  levels.  Both 
oligonucleotides  significantly  (P  <  0.05)  decreased  P3-integrin  mRNA  levels. 
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elements  (NBRE)  and  Nur  response  elements  (NuRE)  or  by  inter¬ 
actions  with  specificity  protein  1  (Spl)  bound  to  GC-rich  pro¬ 
moter  elements  (32,  33).  NBRE  and  NuRE  were  not  identified  in 
the  pi -integrin  promoter,  whereas  two  GC-rich  sequences  were 
located  at  —  760  and  —  676  in  the  proximal  region  of  the  P 1  -integ- 
rin  promoter  (Fig.  3A).  Previous  studies  show  that  NR4A1,  Spl, 
and  the  nuclear  coregulatory  gene  p300  interact  with  the  GC-rich 
region  of  the  survivin  promoter  to  regulate  survivin  gene  expres¬ 
sion  (25).  Using  the  more  aggressive  SKBR3  and  MDA-MB-231 
cells  as  models,  cells  were  treated  with  dimethyl  sulfoxide 
(DMSO),  DIM-C-pPhOH,  or  DIM-C-pPhC02Me  and  analyzed 
in  a  chromatin  immunoprecipitation  (ChIP)  assay  using  primers 
targeted  to  the  GC-rich  region  of  the  pi-integrin  promoter.  The 
results  show  that  Pol  II,  NR4A1,  Spl,  and  p300  interact  with  the 
GC-rich  promoter  regions,  and  after  treatment  with  DIM-C- 
pPhOH  or  DIM-C-pPhC02Me  for  24  h,  the  band  for  Pol  II  was 
decreased  in  both  cell  lines  (Fig.  3A),  and  this  was  consistent  with 
decreased  pi-integrin  expression.  Ligand-induced  inactivation  of 
NR4A1  also  decreased  NR4A1  binding  to  the  promoter;  however, 
changes  in  the  Spl  and  p300  bands  were  somewhat  variable  and 
dependent  on  cell  context  and  ligand.  For  example,  the  loss  of 
p300  was  observed  in  SKBR3  cells  but  not  MDA-MB-231  cells, 
and  it  is  possible  that  p300  was  interacting  with  the  trans-acting 
factors  in  the  proximal  region  of  the  pi-integrin  promoter.  We 
further  investigated  the  roles  of  Spl  and  p300  in  regulating  pi- 
integrin  expression  in  SKBR3  and  MDA-MB-231  cells  by  RNAi, 
and  knockdown  of  Spl  (siSpl)  and  p300  (sip300)  also  decreased 
pi-integrin  expression  (Fig.  3B),  suggesting  that  like  survivin 
(25),  NR4A1  regulates  pi-integrin  expression  through  a  NR4A1/ 
p300/Spl  complex.  p300  knockdown  also  decreases  Spl  expres¬ 
sion,  suggesting  that  p300  plays  a  role  in  regulating  expression  of 
this  gene.  These  results  do  not  exclude  a  role  for  other  factors  in 
NR4A1  regulation  of  pi-integrin,  and  this  is  currently  being  in¬ 
vestigated. 

Previous  reports  show  that  inhibition  of  pi-integrin  by  RNAi 
or  other  pi-integrin  inhibitors  increases  expression  of  P3-integ- 
rin  resulting  in  enhanced  metastasis  (34-36).  The  P3-integrin 
promoter  is  also  GC  rich  (37),  and  therefore,  we  investigated  the 
possible  regulation  of  p3-integrin  by  NR4A1.  Western  blot  anal¬ 
ysis  showed  that  constitutive  P3-integrin  protein  levels  were 
barely  detectable  and  remained  low  after  treatment  with  C-DIM/ 
NR4A1  antagonists  or  siNR4Al  (Fig.  3C),  whereas  knockdown  of 
pi-integrin  by  RNAi  increased  P3-integrin  protein  as  previously 
reported  (36).  There  was  more  robust  expression  of  P3-integrin 
mRNA  in  MDA-MB-231  and  SKBR3  cells,  and  transfection  of 
siNR4Al  or  treatment  with  C-DIM/NR4A1  antagonists  signifi¬ 
cantly  decreased  P3-integrin  mRNA  levels  (Fig.  3D).  ChIP  assays 
showed  that  NR4A1,  Spl,  and  p300  bound  the  proximal  GC-rich 
region  of  the  P3-integrin  gene,  and  treatment  with  DIM-C- 
pPhOH  or  DIM-C-pPhC02Me  decreased  binding  of  Pol  II, 
NR4A1,  and  Spl  but  differentially  affected  p300  binding  to  the 
promoter.  In  addition,  we  also  observed  that  knockdown  of  Spl 
(siSpl)  or  p300  (sip300)  in  MDA-MB-231  and  SKBR3  cells  de¬ 
creased  P3-integrin  mRNA  levels  (Fig.  3E).  These  results  demon¬ 
strate  that  NR4A1  regulates  both  pi  -  and  P3-integrin  expression, 
and  in  contrast  to  pi-integrin-specific  inhibitors,  NR4A1  antag¬ 
onists  downregulate  expression  of  both  pi  -  and  p3-integrin. 

Migration  of  MDA-MB-231  and  SKBR3  cells:  roles  of  NR4A1 
and  pi-integrin.  Both  MDA-MB-231  and  SKBR3  cells  undergo 
migration  (constitutive)  in  a  Boyden  chamber  assay  in  the  absence 


of  a  stimulus.  Transfection  of  these  cells  with  siNR4Al  (Fig.  4A)  or 
sipi-integrin  (Fig.  4B)  decreased  migration  of  both  cell  lines,  and 
similar  results  were  observed  with  two  oligonucleotides  targeting 
NR4A1  and  pi-integrin.  Treatment  of  SKBR3  and  MDA-MB-231 
cells  with  DIM-C-pPhOH  (CDIM8)  or  DIM-C-pPhC02Me 
(CDIM14)  also  decreased  migration  (Fig.  4C),  and  the  effects  of 
DIM-C-pPhOH  as  an  inhibitor  of  cell  migration  was  not  affected 
by  cotreatment  with  leptomycin  B  (LMB),  confirming  that  the 
inhibitory  effects  of  this  NR4A1  antagonist  did  not  require  nuclear 
export  (25).  We  also  investigated  the  role  of  NR4A1  in  mediating 
DIM-C-pPhC02Me-dependent  inhibition  of  migration  of  MDA- 
MB-231  and  SKBR3  cells  by  knocking  down  NR4A1  and  then 
treating  with  the  NR4A1  antagonist  DIM-C-pPhc02Me  (Fig.  4E). 
Treatment  of  the  NR4A1- depleted  cells  with  DIM-C-pPhC02Me 
resulted  in  minimal  inhibition  of  cell  migration.  Similar  results 
were  observed  after  treatment  of  pi-integrin-depleted  cells  with 
DIM-C-pPhC02Me,  and  we  also  observed  that  DIM-C-pPhOH 
did  not  inhibit  invasion  in  cells  depleted  of  NR4A1  or  pi-integrin 
(see  Fig.  S2  in  the  supplemental  material).  This  would  suggest  that 
induction  of  P  3 -integrin  after  knockdown  of  pi-integrin  (Fig.  3B) 
does  not  play  a  very  significant  role  in  cell  migration  using  the 
Boyden  chamber  assay.  Thus,  inhibition  of  breast  cancer  cell  mi¬ 
gration  by  C-DIMs/NR4Al  antagonists  is  dependent  on  both 
NR4A1  and  pi -integrin  and  consistent  with  regulation  of  pi- 
integrin  by  NR4A1.  Overexpression  of  pi -integrin  in  SKBR3  and 
MDA-MB-231  cells  slightly  increases  cell  migration,  and  in 
NR4A1 -depleted  cells  which  exhibit  decreased  migration,  overex¬ 
pression  of  pi -integrin  significantly  reverses  this  response  (Fig. 
4F).  In  addition,  NR4A1  ligand-mediated  inhibition  of  breast  can¬ 
cer  cell  migration  was  also  rescued  by  pi -integrin  overexpression 
(Fig.  4G),  further  confirming  that  pi-integrin-mediated  migra¬ 
tion  is  NR4A1  dependent.  Thus,  the  constitutive  or  basal  migra¬ 
tion  of  SKBR3  and  MDA-MB-231  cells  in  the  absence  of  endoge¬ 
nous  stimuli  is  linked  to  nuclear  NR4A1  regulation  of  P 1  -integrin. 

TGF-p-induced  migration  of  MDA-MB-231  cells:  role  of  ex- 
tranuclear  NR4A1.  A  recent  study  reported  that  TGF-P-induced 
migration  of  MDA-MB-231  cells  was  also  NR4A1  dependent  and 
involved  a  pathway  associated  with  SMAD7  degradation  resulting 
in  activation  ofTGF- PR  receptor  1  (TGF-pRl)  (31).  Treatment  of 
MDA-MB-23 1  cells  with  5  ng/ml  TGF-P  significantly  induced  cell 
migration  (Fig.  5A)  as  previously  described  (31),  and  knock¬ 
down  of  NR4A1  or  treatment  with  DIM-C-pPhOH  or  DIM-C- 
pPhC02Me  blocked  TGF-P-induced  migration  and  significantly 
decreased  overall  migration,  similar  to  that  observed  after  knock¬ 
down  of  NR4A1  or  treatment  with  the  NR4A1  antagonists  alone 
(Fig.  4A  to  C).  TGF-P-induced  migration  was  inhibited  after  co¬ 
treatment  with  the  TGF-pRl  inhibitor  ALK5i  and  also  the  nuclear 
export  inhibitor  LMB,  and  ALK5i  had  no  effect  on  endogenous 
cell  migration  (data  not  shown).  Analysis  of  cytosolic  and  nuclear 
extracts  show  that  TGF-P  induced  expression  and  nuclear  export 
of  NR4A1  which  was  blocked  by  LMB  (Fig.  5B)  indicating  that 
TGF-P-induced  migration  requires  cytosolic  NR4A1,  whereas 
constitutive  migration  which  is  not  inhibited  by  ALK5i  is  due  to 
nuclear  NR4A1 -dependent  regulation  of  pi -integrin.  We  also  ex¬ 
amined  SMAD7  expression  and  observed  minimal  endogenous 
expression  in  MDA-MB-231  and  SKBR3  cells,  and  TGF-P  in¬ 
creased  SMAD7  only  in  SKBR3  cells  (Fig.  5C).  In  contrast,  cotreat¬ 
ment  with  TGF-P  plus  LMB,  CDIM8,  or  CDIM14  dramatically 
increased  SMAD7  protein  expression  of  both  cell  lines,  suggesting 
that  nuclear  localization  of  NR4A1  inhibits  degradation  of 
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FIG  4  NR4A1  regulates  (3 1  -integrin-dependent  breast  cancer  cell  migration.  (A  to  D)  Cells  were  transfected  with  siNR4Al  (A)  or  sip  1 -integrin  (B)  or  treated  with 
DIM-C-pPhOH  and  DIM-C-pPhC02Me  (C)  and  DIM-C-pPhOH  with  or  without  leptomycin  B  (LMB)  (D),  and  breast  cancer  cell  migration  was  determined  in  a 
Boyden  chamber  assay  as  outlined  in  Materials  and  Methods.  (E)  Cells  were  transfected  with  a  nonspecific  oligonucleotide  (siCtl),  siNR4Al,  or  sip  1  -integrin  and  treated 
with  DIM-C-pPhC02Me,  and  cell  migration  was  determined  in  a  Boyden  chamber  assay  as  outlined  in  Materials  and  Methods.  (F  and  G)  Cells  were  transfected  with 
siNR4Al  alone  (F)  or  treated  with  DIM-C-pPhOH/DIM-C-pPhC02Me  (G)  in  combination  with  a  pi -integrin  (ITGB1)  expression  plasmid,  and  effects  on  cell 
migration  were  determined  in  a  Boyden  chamber  assay  as  outlined  in  Materials  and  Methods.  Results  are  expressed  as  means  plus  SE  (error  bars)  for  at  least  three 
replicates  for  each  treatment  group,  and  significantly  (P  <  0.05)  decreased  migration  (*)  or  rescue  by  pi -integrin  overexpression  (**)  is  indicated. 


SMAD7,  which  is  a  cytosolic  protein.  These  results  are  consistent 
with  previous  studies,  suggesting  that  NR4A1  (cytosolic)  plays  a 
role  in  proteasome-dependent  degradation  of  SMAD7  (31).  Im- 
munostaining  of  NR4A1  in  MDA-MB-231  cells  confirms  that 


NR4A1  is  nuclear,  and  treatment  with  TGF-P  induces  nuclear 
export  of  this  receptor,  and  this  is  blocked  by  LMB  (Fig.  5C). 

Since  C-DIM/NR4A1  antagonists  act  through  binding  nuclear 
NR4A1,  we  examined  the  effects  of  short-term  (4-h)  treatment  of 
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FIG  5  Role  of  NR4A1  on  TGF-p-induced  migration  of  MDA-MB-231  cells.  (A) 
MDA-MB-23 1  cells  were  treated  with  TGF-(3  alone  for  4  h  or  in  combination  with 
siNR4Al,  DIM-C-pPhOH,  and  DIM-C-pPhC02Me  (24-h  treatment),  LMB  and 
ALK5i,  and  LMB  (alone).  Cell  migration  was  determined  in  a  Boyden  chamber 
assay.  (B)  MDA-MB-23 1  cells  were  treated  with  DMSO,  TGF-(3,  and  LMB  (alone) 
and  in  combination  for  4  h.  Nuclear  and  cytosolic  extracts  were  analyzed  by  West¬ 
ern  blotting  using  nuclear  (p84)  and  cytosolic  (GADPH)  loading  controls.  (C) 
Cells  were  treated  with  DMSO,  TGF-(3,  LMB  alone,  and  TGF-(3  in  combination 
with  LMB,  DIM-C-pPhOH  (CDIM8),  or  DIM-C-pPhC02Me  (CDIM14)  for  4  h, 
and  whole-cell  lysates  were  analyzed  for  SMAD7  expression  by  Western  blot  anal¬ 
ysis.  (D)  Cells  were  treated  with  DMSO,  5  ng/ml  TGF-(3,  LMB,  and  LMB  plus 
TGF-(3  for  4  h  and  immunostained  with  both  NR4A1  antibodies  and  DAPI  as 
outlined  in  Materials  and  Methods. 


TGFp  + 

DMSO  TGFp  Leptomycin  B  Leptomycin  B 


MDA-MB-231  with  DIM-C-pPhOH  or  DIM-C-pPhC02Me  on 
TGF- (3 -induced  migration.  Like  LMB,  both  compounds  blocked 
TGF- (3 -induced  migration  (Fig.  6A),  and  this  was  accompanied 
by  inhibition  of  TGF- (3 -induced  nuclear  export  of  NR4A1  (Fig. 
6B)  and  paralleled  results  observed  for  LMB  (Fig.  5A  and  B).  The 
inhibitory  effects  observed  after  treatment  with  the  C-DIM/ 
NR4A1  ligands  for  4  h  were  not  due  to  decreased  (31-integrin 
expression  (Fig.  6C),  suggesting  that  bound  NR4A1  was  resistant 
to  TGF- (3 -induced  nuclear  export,  and  the  factors  that  regulate 
nuclear  export  are  currently  being  investigated.  A  previous  report 
showed  that  TGF- (3 -induced  NR4A1  interacts  with  axin  2  and 
other  factors  (e.g.,  E3  ligases  Arkadia  and  RNF12)  to  form  a  polyu- 
biquitination  complex  (31),  and  after  treatment  of  MDA-MB-231 
cells  with  TGF-(3,  LMB,  C-DIMs,  and  their  combinations,  West¬ 
ern  blot  analysis  of  the  cytosolic  fraction  immunoprecipitated 
with  axin  2  antibodies  gave  a  strong  band  for  NR4A1  only  in  cells 
treated  with  TGF-P  alone  (Fig.  6D).  In  contrast,  treatment  with 
DIM-C-pPhOH,  DIM-C-pPhC02Me,  or  LMB,  which  inhibit 
TGF-P-induced  nuclear  export  of  NR4A1,  resulted  in  decreased 
intensities  of  cytosolic  NR4A1  bands  associated  with  the  axin  2  an¬ 
tibody  immunoprecipitates.  The  results  demonstrate  that  NR4A1 
plays  an  important  role  in  breast  cancer  cell  migration  by  regula¬ 
tion  of  pi-integrin  (endogenous  activity)  and  TGF-P-induced 
migration  which  is  dependent  on  NR4A1  nuclear  export  (Fig.  6E). 

DISCUSSION 

The  NR4A  family  of  orphan  nuclear  receptors  NR4A1,  NR4A2, 
and  NR4A3  were  initially  identified  as  stress-induced  immediate 
early  genes  with  a  characteristic  domain  structure  observed  for 
nuclear  receptors.  NR4A  receptors  have  both  unique  and  overlap¬ 
ping  functions,  and  there  is  increasing  evidence  that  they  play  an 
important  role  in  cellular  homeostasis  and  diseases  associated 
with  metabolism,  cardiovascular  and  neurological  functions,  in¬ 
flammation,  and  the  immune  system  (38-40).  Endogenous  li¬ 
gands  for  NR4A1  have  not  been  identified;  however,  synthetic 
ligands  that  are  structurally  related  to  cytosporone  B  have  been 
developed  (41-43)  and  have  potential  clinical  applications.  For 
example,  ethyl [2,3,4-trimethoxy-6-(z-octanoyl)phenyl] acetate  is 
an  NR4A1  ligand  that  acts  as  a  receptor  antagonist  to  decrease 
NR4A1 -dependent  hepatic  gluconeogenesis  and  lower  blood  glu¬ 
cose  levels  in  a  rodent  model  for  type  2  diabetes  (43).  NR4A1  is 
also  overexpressed  in  solid  tumors  including  both  ER-positive  and 
ER-negative  breast  tumors  and  is  a  negative  prognostic  factor  for 
lung,  colon,  and  breast  cancer  patients  (26,  31,  44). 

Initial  studies  targeting  NR4A1  for  cancer  chemotherapy 
showed  that  cell  death  observed  in  some  cancer  cell  lines  treated 
with  several  apoptosis  agents  was  due  to  nuclear  export  of  NR4A1 
and  the  subsequent  interactions  of  NR4A1  with  bcl-2  to  form  a 
proapoptotic  complex  that  disrupted  mitochondria  (45,  46).  The 
proapoptotic  effects  were  also  observed  using  peptides  and  pacli- 
taxel  that  mimic  NR4A1  interactions  with  bcl-2  (42,  47).  Studies 
in  this  laboratory  have  identified  C-DIMs  as  NR4A1  ligands  that 
act  as  antagonists  in  cancer  cell  lines,  and  previous  studies  have 
demonstrated  that  C-DIM/NR4A1  antagonists  inhibit  growth 
and  induce  cell  death  through  inactivation  of  nuclear  NR4A1- 
dependent  prooncogenic  pathways  in  pancreatic,  lung,  colon, 
kidney,  and  breast  cancer  cell  lines  (24-30). 

A  recent  report  showed  that  high  expression  of  NR4A1  in 
breast  tumors  correlated  with  decreased  relapse-free  survival,  and 
this  was  linked  to  the  role  of  NR4A1  in  TGF-P  and  TGF-(3/cyto- 
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FIG  6  (A)  MDA-MB-231  cells  were  treated  with  TGF-(3,  DIM-C-pPhOH,  and  DIM-C-pPhC02Me  alone  and  TGF-(3  plus  C-DIMs  for  4  h,  and  cell 
migration  was  determined  in  a  Boyden  chamber  assay  and  immunostaining  (NR4A1)  and  DAPI  staining  was  determined  as  outlined  in  the  legend  to  Fig. 
5C.  (B)  Cells  were  treated  as  described  in  the  legend  to  Fig.  5B,  and  the  cytosolic  and  nuclear  extracts  were  further  examined  by  Western  blot  analyses.  (C) 
MDA-MB-23 1  cells  were  treated  with  DIM-C-pPhC02Me  or  DIM-C-pPhOH  for  different  times,  and  whole-cell  lysates  were  analyzed  by  Western  blotting 
for  (3 1  -integrin  expression.  (D)  Cells  were  treated  as  outlined  above  for  panel  B,  and  whole-cell  lysates  were  immunoprecipitated  with  axin  2  antibodies 
(IP:Axin2)  and  analyzed  by  Western  blotting  (immunoblotting  [IB]).  (E)  Schematic  outline  of  the  role  of  NR4A1  in  constitutive  and  TGF-(3-induced 
migration  in  breast  cancer  cells. 
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kine-induced  migration/invasion  and  metastasis  (31).  Results  of 
ongoing  genomic  and  functional  studies  in  several  cancer  cell  lines 
identified  fi-integrin  as  a  possible  NR4A1- regulated  promigra¬ 
tion/invasion  gene,  and  this  correlated  with  previous  in  vivo  stud¬ 
ies  showing  that  P  1-integrin  was  important  for  metastasis  of 
mammary  tumors  overexpressing  the  erbB2  oncogene  (9,  21-23). 
Results  in  Fig.  1, 2,  and  4  demonstrate  that  knockdown  of  NR4A1 
or  treatment  with  the  NR4A1  antagonists  DIM-C-pPhOH  and 
DIM-C-pPhC02Me  decreased  expression  of  P  1-integrin  protein 
and  mRNA  and  pi-integrin-dependent  responses  in  MCF7, 
MDA-MB-231,  and  SKBR3  cells  and  also  inhibited  migration  of 
the  latter  two  cell  lines. 

The  mechanism  of  NR4A1  regulation  of  P-integrin  in  SKBR3 
and  MDA-MB-231  cells  did  not  involve  direct  binding  to  ds-act- 
ing  genomic  sequences  but  through  an  indirect  mechanism  in 
which  NR4Al/p300  act  as  a  coregulatory  complex  to  activate  Spl- 
regulated  genes.  The  ChIP  assays  show  that  NR4A1 ,  Sp  1 ,  and  p300 
interacted  at  the  GC-rich  region  of  the  P  1-integrin  gene  promoter 
(Fig.  3),  and  knockdown  of  any  one  of  these  factors  or  treatment 
with  C-DIM/NR4A1  antagonists  resulted  in  decreased  P  1-integ¬ 
rin  expression.  These  results  are  similar  to  those  previously  ob¬ 
served  for  NR4Al/p300/Spl -mediated  regulation  of  survivin  in 
pancreatic  cancer  cells  (25)  and  are  consistent  with  other  reports 
showing  that  other  nuclear  receptors  also  regulate  expression  of 
other  Sp-dependent  genes  through  NR4A1/Spl  complexes  (48- 
50).  Previous  studies  show  that  knockdown  or  inhibition  of  pi- 
integrin  in  breast  cancer  cells  results  in  the  expression  of  p3-in- 
tegrin,  and  this  “integrin-switching”  enhances  TGF-P-induced 
metastasis  (34-36),  which  presents  a  problem  for  applications  of 
P  1-integrin  inhibitors  in  treatment  of  breast  cancer.  Like  pi-in- 
tegrin,  the  5 '-promoter  region  of  the  P3-integrin  gene  contains 
GC-rich  sequences  (37),  and  our  results  demonstrate  that  NR4A1 
also  regulates  P3-integrin  expression,  and  NR4A1  antagonists  or 
NR4A1  knockdown  decreases  expression  of  both  genes  (Fig.  3). 
Thus,  coregulation  of  pi  -  and  P3-integrin  by  NR4A1  negates  the 
“integrin-switching”  phenomena  (34-36)  and  further  demon¬ 
strates  that  the  C-DIM/NR4A1  antagonists  represent  a  novel  ther¬ 
apeutic  approach  for  inhibiting  pi/p3-integrin-induced  signaling 
and  metastasis  in  breast  cancer  cells. 

MDA-MB-231  and  SKBR3  cells  readily  migrate  in  the  absence 
of  TGF-P  or  cytokine  stimulus,  and  results  of  RNAi  studies  show 
that  inhibition  of  cell  migration  by  C-DIM/NR4A1  antagonists 
was  observed  only  in  cells  expressing  NR4A1  or  P  1-integrin  (Fig. 
4).  Moreover,  since  the  inhibitory  effects  of  C-DIMs  were  similar 
in  the  presence  or  absence  of  the  nuclear  export  inhibitor  LMB 
(Fig.  4F),  our  results  indicate  that  constitutive  migration  of  these 
cells  was  due  to  nuclear  NR4A1 -dependent  regulation  of  pi-in- 
tegrin.  This  is  also  supported  by  the  observation  that  the  TGF-P 
receptor  inhibitor  ALK5i  inhibits  TGF-P-induced  migration  but 
does  not  affect  the  high  rate  of  constitutive  migration  of  MDA- 
MB-231  cells  (Fig.  5A).  A  recent  study  showed  that  NR4A1  was 
also  required  for  TGF-P-induced  migration  of  MDA-MB-23 1  and 
other  cell  lines,  and  this  was  due  to  interactions  of  NR4A1,  axin  2, 
and  E3  ligases  which  enhanced  SMAD7  degradation,  resulting  in 
activation  of  the  TGF-PR1  pathway  (31).  We  also  observed  that 
TGF-P  induced  NR4A1  expression  and  migration  of  MDA-MB- 
231  cells;  however,  the  key  essential  element  in  this  pathway  was 
that  TGF-P  induced  nuclear  export  of  NR4A1  (Fig.  5B  and  D  and 
6C).  Moreover,  inhibition  of  nuclear  export  by  the  NR4A1  ligands 
(DIM-C-pPhOH  or  DIM-C-pPhcQ2Me)  or  LMB  also  blocked 


TGF-P-induced  migration  and  enhanced  SMAD7  expression 
(Fig.  5C).  Previous  studies  on  SMAD7  degradation  in  MDA-MB- 
231  cells  used  transfected  FLAG-SMAD7  (31),  whereas  in  this 
study,  we  observed  low  to  nondetectable  SMAD7  expression  in 
MDA-MBA-231  and  SKBR3  cells.  However,  LMB,  DIM-C- 
pPhOH,  and  DIM-C-pPhC02Me  which  prevent  NR4A1  export 
also  increased  SMAD7  expression  in  cells  cotreated  with  these 
compounds  plus  TGF-P  (Fig.  5C),  and  this  is  consistent  with  a 
role  for  cytosolic  NR4A1  in  SMAD7  degradation  as  previously 
reported  (31).  Thus,  TGF-P-induced  migration  of  MDA-MB-231 
cells  is  due  to  nuclear  export  of  NR4A1,  and  the  C-DIM/NR4A1 
antagonist  blocks  this  pathway  presumably  by  inhibiting  factors/ 
pathways  required  for  nuclear  export,  and  these  factors/pathways 
are  currently  being  investigated. 

In  summary,  results  of  this  study  show  that  nuclear  NR4A1 
regulates  P  1-integrin  expression  in  breast  cancer  cells,  and 
C-DIM/NR4A1  antagonists  inhibit  expression  of  P  1-integrin  and 
P 1  -integrin-mediated  responses,  including  cell  migration,  and  the 
antagonists  also  inhibit  NR4A1 -regulated  expression  of  P3-integ- 
rin.  In  contrast,  TGF-P-induced  migration  of  MDA-MB-231  cells 
requires  nuclear  export  of  NR4A1  which  is  inhibited  not  only  by 
LMB  but  also  by  C-DIM/NR4A1  antagonists.  Thus,  constitutive 
migration  and  TGF-P-induced  migration  are  dependent  on  nu¬ 
clear  and  extranuclear  NR4A1,  respectively,  and  the  C-DIM/ 
NR4A1  antagonists  inhibit  both  pathways  by  decreasing  NR4A1- 
dependent  expression  of  P  1-integrin  and  by  inhibition  ofTGF-P- 
induced  nuclear  export  of  NR4A1  (Fig.  6E).  This  study  expands 
on  the  prooncogenic  functions  of  NR4A1  and  indicates  that  C- 
DIM  compounds  and  other  NR4A1  antagonists  represent  an  im¬ 
portant  new  class  of  mechanism-based  anticancer  drugs  for  treat¬ 
ing  patients  with  tumors  overexpressing  this  receptor. 
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were  run  on  the  same  gel.  We  inadvertently  used  in  panel  A  the  last  two  /3-actin  lanes 
of  panel  B,  left.  The  corrected  MCF-7  /3-actin  bands  for  panel  A  should  appear  as  shown 
below. 
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Page  1386,  Fig.  2:  The  same  lysates  and  /3-actin  bands  from  Fig.  1  were  used  in 
panels  A  and  B,  with  the  same  problem.  Therefore,  the  corrected  MCF-7  /3-actin  bands 
for  panel  A  should  appear  as  shown  above. 
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The  present  study  demonstrates  the  promising  anticancer  effects  of  novel  C-substituted  diindolyl¬ 
methane  (DIM)  derivatives  DIM-10  and  DIM-14  in  aggressive  TNBC  models.  In  vitro  studies  demon¬ 
strated  that  these  compounds  possess  strong  anticancer  effects.  Caco-2  permeability  studies  resulted 
in  poor  permeability  and  poor  oral  bioavailability  was  demonstrated  by  pharmacokinetic  studies.  Nano 
structured  lipid  carrier  (NLC)  formulations  were  prepared  to  increase  the  clinical  acceptance  of  these 
compounds.  Significant  increase  in  oral  bioavailability  was  observed  with  NLC  formulations.  Compared 
to  DIM-10,  DIM-10  NLC  formulation  showed  increase  in  Cmax  and  AUC  values  by  4.73  and  11.19-folds, 
respectively.  Similar  pattern  of  increase  was  observed  with  DIM-14  NLC  formulations.  In  dogs  DIM-10 
NLC  formulations  showed  an  increase  of  2.65  and  2.94-fold  in  Cmax  and  AUC,  respectively.  The  anticancer 
studies  in  MDA-MB-231  orthotopic  TNBC  models  demonstrated  significant  reduction  in  tumor  volumes 
in  DIM-10  and  DIM-14  NLC  treated  animals.  Our  studies  suggest  that  NLC  formulation  of  both  DIM-10 
and  14  is  effective  in  TNBC  models. 

©  2016  Published  by  Elsevier  B.V. 


1.  Introduction 

Triple  negative  breast  cancer  (TNBC)  is  defined  by  tumors  that 
do  not  express  estrogen,  progesterone  and  human  epidermal 
growth  factor  receptors,  representing  approximately  20%  of  breast 
cancers.  These  types  of  cancers  are  clinically  more  aggressive.  Cur¬ 
rently  available  chemotherapy  based  treatment  options  for  TNBC 
exhibit  poor  therapeutic  benefits  and  possess  serious  toxicity 
issues  [19,13].  Considering  the  challenges  involved  in  treating 
TNBC  and  its  inherent  poor  prognosis,  there  is  a  need  for  novel 
and  safer  drugs  to  treat  this  type  of  cancer.  Recent  research  is 
focused  on  the  use  of  natural  products  to  combat  various  types 
of  cancer  [10,30].  Natural  products  are  available  in  various  dietary 
supplements;  therefore,  consumption  of  these  compounds  at  early 
stages  of  cancer  may  act  as  chemopreventive  agents.  On  the  other 
hand,  the  oral  route,  which  is  most  desirable  in  anticancer  therapy 
is  not  possible  with  many  anticancer  natural  product  drugs  due  to 
their  inherent  water  insolubility  and  poor  oral  absorption.  One  of 
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the  classical  examples  is  curcumin,  which  has  demonstrated  to 
have  promising  anticancer  effects  in  various  cancer  types;  how¬ 
ever,  its  poor  aqueous  solubility  and  limited  oral  bioavailability 
limited  its  broad  spectrum  applications.  Bis(3* 1-indolyl)methane 
(or  3,  31-diindolylmethane  (DIM)  is  an  active  metabolite  of 
indole-3-carbinol  derived  from  cruciferous  vegetables  and  exhibits 
a  broad  spectrum  of  anticancer  activities.  DIM  compounds  have 
been  reported  to  be  useful  in  combating  various  cancer  types 
[36,2].  However,  DIM  has  poor  oral  bioavailability  due  to  its  low 
solubility/high  lipophilicity  and  has  limited  oral  absorption  [14]. 
Pharmacokinetic  studies  with  DIM  indicated  that  dose-dependent 
absorption  and  nonlinear  increase  in  plasma  maximum  concentra¬ 
tions  (Cmax),  suggesting  the  saturation  of  systemic  absorption 
[26,27].  In  another  study,  microencapsulated  extended  release 
DIM  formulations  produced  increased  oral  bioavailability,  suggest¬ 
ing  that  solubility  is  the  rate-limiting  step  in  oral  bioavailability 
[27].  Although  few  studies  are  available  on  un-substituted  DIM 
based  anticancer  effects,  their  potency  was  found  to  be  low  and 
C-substituted  DIM-analogues  were  reported  to  be  superior  in  pro¬ 
ducing  the  anticancer  effects  in  lung,  breast,  prostate  cancer,  etc. 
Recently  we  have  also  demonstrated  that  novel  self  emulsified 
based  DIM-14  and  DIM-P  formulations  produce  better  anticancer 
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effects  in  lung  cancer  models  (Ref).  Therefore,  development  of 
novel  orally  active  C-substituted  DIM  derivatives  (C-DIM  analogs) 
will  have  major  clinical  implications  for  the  treatment  of  TNBC. 
Among  different  types  of  C-DIM  analogs  reported,  DIM-10  and 
DIM-14  are  expected  to  have  significant  impact  in  the  treatment 
of  TNBC. 

Supplementary  Fig.  1  shows  the  chemical  structure  of  DIM-10 
and  DIM-14.  Our  vitro  anticancer  studies  suggested  that  both 
DIM-10  and  DIM-14  have  promising  anticancer  effects  on  TNBC 
cells.  However,  these  compounds  found  to  possess  poor  aqueous 
solubility.  The  Caco-2  permeability  studies  also  indicated  the  poor 
permeability.  To  overcome  the  limited  solubility  and  associated 
poor  oral  bioavailability  problems  of  these  promising  C-DIM  ana¬ 
logs,  novel  nanotechnology  based  oral  formulations  were 
attempted.  There  is  a  growing  interest  in  enhancing  the  bioavail¬ 
ability  of  poorly  bioavailable  drugs  using  novel  nanoformulations 
mediated  enhanced  lymphatic  absorption.  In  order  to  bring  these 
compounds  more  closer  to  the  human  applications  as  orally 
administrable  anticancer  and  chemopreventive  agents,  we  have 
developed  DIM-10  and  DIM-14  loaded  nano  structured  lipid  carri¬ 
ers  (NLCs)  based  novel  nanoformulations  [3].  The  pharmacokinetic 
(PI<)  studies  were  performed  in  rats  and  selected  formulations 
were  further  studied  in  dogs.  Finally,  these  formulations  were  eval¬ 
uated  in  MDA-MB-231  orthotopic  TNBC  mouse  models.  This  is  the 
first  attempt  to  prepare  DIM-10  and  DIM-14  loaded  NLC  formula¬ 
tions  and  demonstrate  their  anticancer  effects  in  orthotopic  TNBC 
nude  mode  models. 

2.  Materials  and  methods 

2.1.  Materials 

DIM-10  and  DIM-14  were  synthesized  and  provided  by  Dr.  Ste¬ 
phen  Safe  (Texas  A&M  University).  The  primary  antibodies  Cleaved 
Caspase  3,  Cyclin  Dl,  PCNA  and  B-actin  were  procured  from  Santa 
Cruz  Biotechnology  Inc.  Protein  assay  kit  was  purchased  from  Pier¬ 
ce™  BCA  Protein  Assay  Kit.  VEGF  kit  was  purchased  from  Thermo 
Fisher  scientific  Inc.  Human  TNBC  cell  lines  (MDA-MB-231,  453 
and  468)  and  other  breast  cancer  cell  lines  such  as  SKBR3  and 
BT474  cells  and  Caco-2  cell  lines  were  procured  from  ATCC,  USA. 

2.2.  DIM- 10  and  DIM-14  in  vitro  anticancer  activities 

In  vitro  cytotoxicity,  cell  migration  and  clonogenic  studies  were 
performed  to  demonstrate  the  anticancer  activity  of  DIM-10  and 
DIM-14  on  TNBC  cell  lines  (MDA-MB-231,  MDA-MB-468  and 
MDA-MB-435  cells).  For  cytotoxicity  assay,  TNBC  cells  were  plated 
in  96  well  plates  at  10,000  cells/well  density.  After  overnight  incu¬ 
bation,  cells  were  treated  with  various  concentrations  of  DIM-10 
and  DIM-14,  and  0.1%  DMSO  treated  cells  were  considered  as  con¬ 
trol  cells.  After  72  h  treatment,  cells  were  fixed  and  cell  viability 
was  measured  by  crystal  violet  staining  (0.05%).  Cell  viability  Per¬ 
centage  was  calculated  by  considering  DMSO  treated  control  cells 
as  100%  viable.  Clonogenic  assay  was  performed  to  demonstrate 
the  inhibitory  effects  C-DIMs  on  cell  reproduction.  For  this  assay, 
MDA-MB-468  cells  were  placed  in  24-well  plate  at  a  density  of 
100  cells/well,  after  24  h  cells  were  treated  with  DIM-10  and 
DIM-14.  The  cells  were  washed  with  media  48  h  after  the  treat¬ 
ment  and  were  allowed  to  grow  for  2  weeks,  and  during  this  period 
medium  was  changed  every  alternative  day.  The  individual  cells 
grown  as  spheroids  were  fixed  with  glutaraldehyde  and  stained 
with  crystal  violet.  The  groups  of  cells  more  than  50  in  number 
were  considered  as  colonies.  Colonies  were  counted  under  micro¬ 
scope,  their  sizes  were  recorded,  and  representative  spheroid 
images  were  captured. 


Effect  of  DIM-10  and  DIM-14  on  cell  migration:  Cell  migration 
assay  is  performed  to  study  the  antimetastatic  effect  of  compounds 
in  in  vitro  conditions.  In  this  assay  50,000/well  of  MDA-MB-231 
cells  were  placed  in  24  well  plates,  cells  were  allowed  to  grow  near 
to  full  confluence,  after  reaching  the  confluence,  after  which  in  the 
middle  portion  of  each  well,  cells  were  scratched  by  using  pipette 
tip,  which  results  in  the  gap  (injury  formation).  Scratched  cells 
were  removed  by  washing  with  PBS.  Then  cells  were  treated  with 
different  concentrations  of  DIM-10  and  DIM-14.  After  48  h  the 
width  of  the  gaps  was  measured  microscopically  and  images  were 
captured.  In  control  cells  due  to  high  migratory  potential  of  MDA- 
MB-231  cells,  they  are  moved  into  scratched  gaps,  which  will 
result  in  narrowing  down  (closure)  of  gaps.  The  width  of  the  gap 
was  measured  in  all  wells  and  effect  of  DIM-10  and  DIM-14  on  cell 
migration  was  calculated. 


2.3.  Experimental  solubility  and  lipophilicity 

Saturation  solubility  measurements  were  performed  using 
shake-flask  method  followed  by  reverse-phase  HPLC  analysis.  The 
details  of  these  studies  were  provided  in  supplementary  information. 


2.4.  Preparation  of  NLC  formulations 

NLC  formulations  were  prepared  with  optimized  proportions  of 
the  following  ingredients:  Drug  DIM-10  or  DIM-14,  Compritol  888, 
Miglyol  812,  Vitamin  E  TPGS  and  water  were  used  as  vehicle.  All 
the  above-mentioned  formulation  excipients  are  FDA  approved 
and  found  to  be  safe  in  clinical  applications.  C-DIMs  loaded  NLC 
formulations  were  prepared  by  hot  melt  homogenization  tech¬ 
nique  [23].  In  brief,  20  mg  of  drug  was  dissolved  in  dichloro- 
methane  and  mixed  with  lipid  phase  comprised  of  Compritol 
(7.0%  w/w)  and  Miglyol  (3.0%  w/w).  Later,  organic  phase  was 
removed  on  a  rotary  evaporator  for  2-3  h  at  80  °C  and  to  the 
heated  lipid  phase  the  aqueous  solution  (40  ml)  containing  vitamin 
E  TPGS  (1.5%  w/w)  surfactant  was  added  at  same  temperature 
under  high  speed  mixing  using  a  polytron  homogenizer  at 
20,000  rpm  for  1-2  min.  The  resultant  oil-in-water  dispersion 
was  passed  through  nano-DeBEE  high-pressure  homogenizer  at 
5000  psi  for  5  cycles.  Throughout  the  process  temperature  was 
maintained  at  80  °C.  Prepared  formulation  was  cooled  to  room 
temperature  while  stirring.  This  process  resulted  in  the  hardening 
of  NLCs  with  drug  entrapped  in  it.  Prepared  nanoparticles  were 
analyzed  for  size  and  surface  charge  using  BI-90  particle  sizer 
(Brookhaven  Instruments,  Boston,  USA),  which  is  based  on  the 
principle  of  dynamic  light  scattering  and  Zeta  potential  measure¬ 
ment  was  carried  with  Zeta  plus  (Brookhaven  Instruments).  The 
entrapment  efficiency  of  drug  in  NLC  was  measured  according  to 
the  standard  protocols. 


2.5.  In  vitro  drug  release  studies 

In  vitro  drug  release  profile  of  DIM-10  and  DIM-14  NLCs  was 
studied  in  PBS  containing  tween  80  at  pH  5.8.  The  details  were 
given  in  supplementary  information. 


2.6.  Caco-2  permeability  studies 

For  in  vitro  permeability  study  Caco-2  cells  were  maintained 
and  permeability  studies  were  performed  as  per  our  reported 
method  [10].  The  detail  of  this  study  was  provided  in  supplementary 
information. 
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2.7.  Animals 

Male  Sprague  Dawley  rats  (320-350  g  weights)  were  used  for 
pharmacokinetic  studies.  Female  nude  mice  (5-6  weeks  age)  were 
used  for  in  vivo  tumor  studies.  IACUC  of  FAMU  approved  all  the 
animal  protocols  and  during  the  experiments,  animals  were  han¬ 
dled  humanly.  The  details  of  the  study  are  provided  in  supplementary 
information. 

2.8.  Pharmacokinetic  studies 

Initially,  the  oral  bioavailability  profile  of  both  DIM-10  and 
DIM-14  free  drugs  was  evaluated  in  Sprague  Dawley  rats.  The  oral 
PK  results  indicated  that  both  these  promising  C-DIMs  have  lim¬ 
ited  oral  absorption.  To  overcome  this  limitation,  we  prepared 
NLC  formulations,  the  oral  bioavailability  and  Pharmacokinetic 
profile  of  DIM-1 0-NLC  and  DIM-1 4-NLC  formulations  were  studied. 
DIM-1 0  free  drug  at  the  dose  of  30  and  1 00  mg/kg  and  DIM-1 0-NLC 
at  the  dose  of  30  mg/kg  were  administered  orally.  In  case  of  DIM- 
14,  30  mg/kg  oral  dose  of  free  drug  and  NLC  formulation  was 
administered.  Rats  were  fasted  overnight  before  the  start  of  the 
experiments  and  randomly  divided  into  different  experimental 
groups.  After  oral  administration  of  these  drugs  as  free  drugs  and 
NLC  formulations,  blood  samples  (250  pi)  were  withdrawn  from 
tail  veins  at  predetermined  time  points  (0.25,  0.5,  1,  2,  4,  6,  8,  12, 
18  and  24  h)  and  rest  of  the  procedure  for  pharmacokinetic  study 
is  followed  as  per  our  previous  methods. 

2.9.  PI<  study  in  dogs 

Pharmacokinetic  profile  of  DIM-10  and  its  NLC  formulation 
were  studied  in  dogs  after  intravenous  and  oral  administration  at 
a  dose  of  5  mg/kg.  Animals  were  randomly  distributed  into  three 
experimental  groups  (n  =  3-4).  A  central  venous  catheter  on  long 
saphenous  vein  was  placed  on  each  dog  on  the  day  of  study.  Over¬ 
night  fasted  dogs  were  used  for  the  PK  study.  Blood  samples  were 
collected  from  the  venous  catheters  into  heparinized  tubes.  Sam¬ 
ples  were  collected  at  0,  0.25,  0.5,  1,  2,  4,  6,  8, 12, 18  and  24  h  after 
administration  of  a  single  dose  of  DIM-10  solution  and  NLC 
formulation. 

2.10.  Anticancer  studies  in  orthotopic  TNBC  mouse  models 

MDA-MB-231  cells  induced  orthotopic  breast  cancer  model  was 
used  for  anticancer  evaluations  of  DIM  formulations.  MDA-MB-231 
cells  (2  million  in  100  pi  PBS)  were  injected  orthotopically  into 
mammary  fat  pads.  DIM-10  and  DIM-14,  free  drugs  and  NLC  for¬ 
mulations  were  administered  at  the  dose  of  30  mg/kg  daily  orally 
for  4  weeks  and  tumor  sizes  were  monitored  every  week.  Four 
weeks  after  drug  treatment  animals  were  sacrificed;  final  tumor 
volumes  and  weights  were  recorded.  Tumor  size  and  volume  anal¬ 
ysis  was  done  as  per  standard  methods  ( Supplementary 
information). 

2.11.  Western  blot  analysis 

The  protein  extraction,  sample  preparation,  SDS  page  and  trans¬ 
fer  of  proteins  to  nitrocellulose  membrane  were  performed  accord¬ 
ing  to  our  previous  methods  [8,9].  Membranes  were  probed  with 
antibodies  against  cleaved  caspase  3  (1:1000),  Cyclin  D1 
(1:1000),  PCNA  (1:1000),  and  [3-actin,  and  all  these  primary  anti¬ 
bodies  were  purchased  from  Santa  Cruz  Biotechnology,  Santa  Cruz, 
CA.  Horseradish  peroxidase-conjugated  secondary  antibodies 
(Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  were  used.  Proteins 
were  visualized  using  enhanced  chemiluminescent  solution 
(Pierce,  Rockford,  IL)  and  exposed  to  Kodak  X-OMAT  AR  autoradio¬ 


graphy  film  (Eastman  Kodak,  Rochester,  NY).  The  intensity  of  the 
western  blot  bands  was  quantified  by  densitometric  analysis  using 
imagej  software. 

2.12.  Quantification  ofVEGF  by  ELISA 

VEGF  levels  were  estimated  in  tumor  homogenates  by  ELISA 
method  [8,9].  Tumors  were  homogenized  in  RIPA  lysis  buffer  con¬ 
taining  protease  inhibitors.  After  centrifugation,  the  resultant 
supernatant  was  used  in  subsequent  analysis.  Total  protein  con¬ 
centration  was  determined  with  a  BCA  protein  assay  method.  VEGF 
concentrations  were  determined  according  to  the  manufacturer’s 
protocols  and  VEGF  levels  were  expressed  as  pg/mg  protein.  A  min¬ 
imum  of  3  tumors  in  duplicate  per  group  were  analyzed. 

2.13.  Immunohistochemical  analysis  of  tumor  sections 

MDA-MB-231  tumors  were  fixed  in  formalin  saline  and  pro¬ 
cessed  for  normal  histopathological  procedures  and  5-10  pm  sec¬ 
tions  were  made.  After  deparaffinization  and  rehydration, 
sections  were  processed  for  immunohistochemical  (IHC)  protocols 
as  per  our  established  methods  [8-10].  Antigen  retrieval  for 
Cleaved  caspase  3,  ki67  and  CD31  was  carried  out  for  10  min  in 
0.01  M  sodium  citrate  buffer  (pH  6),  and  heated  at  95  °C  in  a  steam 
bath  followed  by  cooling  for  30  min.  The  samples  were  incubated 
overnight  at  4  °C  with  Cleaved  caspase  3,  ki67  and  CD31  antibodies 
or  incubated  with  biotinylated  secondary  antibody  followed  by 
streptavidin.  After  exposing  the  peroxidase  treated  sections  to 
chromagen  substrate,  brown  color  was  developed  at  positive  sites. 
After  counter  staining  the  sections  with  hematoxylin,  the  Cleaved 
caspase  3,  ki67  and  CD31  expressions  were  identified  by  presence 
of  the  brown  cytoplasmic  staining.  Number  of  positive  cells  per 
filed  was  quantified  by  counting  10  different  fields  from  each  sec¬ 
tion.  Based  on  the  CD31  positive  cells,  microvessel  density  (MVD) 
was  calculated. 

3.  Results 

3.1.  In  vitro  anticancer  activity  of  DIM- 10  and  DIM- 14 

Both  DIM-10  and  DIM-14  exhibited  concentration  dependant 
increase  in  the  anticancer  effects;  the  cell  viability  was  decreased 
with  increased  concentration.  The  IC50  values  were  in  the  range 
of  10-20  pM  on  different  breast  cancer  cell  types.  72  h  after  the 
treatment,  the  IC50  values  of  DIM-10  on  MDA-MB-231,  MDA-MB- 
435,  MDA-MB-468,  BT474  and  SKBR3  cells  were  found  to  be 
11.63  ±0.89,  12.45  ±1.84,  11.03  ±1.04,  13.83  ±1.21  and 

8.10  ±0.73  pM,  respectively.  In  case  of  DIM-14,  the  IC50  values 
72  h  after  the  treatment  on  MDA-MB-231,  MDA-MB-435,  MDA- 
MB-468,  BT474  and  SKBR3  cells  were  found  to  be  18.86  ±1.62, 
13.30  ±2.46,  14.11  ±  1.30,  17.05  ±2.24  and  1 1.75  ±  1.62  pM, 
respectively  (Fig.  1A-F).  The  clonogenic  assay  also  demonstrated 
the  significant  anticancer  effects  of  DIM-10  and  DIM-14  (Fig.  2A). 
Fig.  2D  shows  representative  images  of  colonies  stained  with  crys¬ 
tal  violet.  At  the  highest  concentration  studied,  both  DIM-10  and 
DIM-14  produced  3.39  and  2.26-fold  significant  reduction  in  the 
spheroid  number.  Further,  the  spheroid  sizes  were  found  to  be  con¬ 
centration  dependently  decreased,  and  at  10  pM  concentration 
resulted  in  7.66  and  6.17-fold,  respectively  significant  decrease  in 
the  spheroid  sizes  (Fig.  3B).  The  2D  migration  gap  closure  assay 
performed  with  C-DIMs  also  showed  significant  (p<  0.001) 
decrease  in  gap  closing  compared  to  control.  DIM-10  and  DIM-14 
showed  2.95  and  2.49-fold,  respectively  significant  decrease  in 
the  gap  closure,  whereas  in  control  cells  due  to  high  metastatic 
migratory  nature  the  gap  was  narrowed  down.  Fig.  2C  shows  the 
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Concentration  (|jM) 


Breast  cancer  |^F 

|J  IC50  (pM) 

Cell  Type 

DIM -10 

DIM-14 

MDA-MB468 

11.03  ±  1.04 

14.11  ±  1.30 

MDA-MB-231 

11.63  ±0.89 

18.86  ±1.62 

MDA-MB453 

12.45  ±1.84 

13.30  ±2.46 

SKBR3 

8.10  ±0.73 

11.75  ±1.62 

BT474 

13.83  ±1.21 

17.05  ±2.24 

Fig.  1.  Cytotoxicity  assay.  Effect  of  DIM-10  and  DIM-14  on  different  breast  cancer  cell  lines,  (A)  BT474,  (B)  SKRB3,  (C)  MDA-MB-468,  (D)  MDA-MB-231,  (E)  MDA-MB-453  and 
(F)  the  IC50  values  of  DIM-10  and  DIM-14  on  all  these  breast  cancer  cell  lines.  Each  data  is  represented  as  mean  ±  sem  (n  =  6-8). 


different  gap  widths  calculated  in  different  groups  with  MDA-MB- 
231  based  cell  migration  assay.  Fig.  2E  shows  the  representative 
images  of  cell  migration  assays. 

3.2.  Solubility  and  lipophilicity  of  DIM-10  and  DIM-14 

The  experimental  solubility  of  DIM-10  was  found  to  be 
0.54  ±  0.06  pg/ml  at  pH  7.4,  whereas  the  solubility  of  DIM-14 
was  found  to  be  0.31  ±  0.04  pg/ml.  The  solubility  of  both  these 
drugs  was  also  not  altered  at  pH  2  and  8,  suggesting  that  the  solu¬ 
bility  of  DIM-10  and  DIM-14  was  relatively  independent  of  pH  in 
the  range  of  pH  2-8  (p  >  0.05). 

3.3.  Characterization  of  DIM-10  and  DIM-10  NLC  formulations 

The  average  sizes  of  the  C-DIM  derivates  loaded  NLC  particles 
were  found  to  be  in  210-222  nm  range.  The  zeta  potentials  were 
-21.43  and  -14.34  mV,  respectively  for  DIM-10  and  DIM-14  NLC 
formulations.  The  entrapment  efficiency  of  DIM-10  and  DIM-14 
into  the  NLC  particles  was  found  to  be  86.23  and  91.68%,  respec¬ 
tively  (Table  1). 

3.4.  Bidirectional  permeability  of  DIM- 10  and  DIM-14 

The  TEER  values  and  mean  permeability  values  of  paracellular 
control  Lucifer  Yellow  were  >450  Cl  cm2  and  <0.15  x  10_6cm/s, 
respectively.  These  TEER  and  permeability  values  are  within  nor¬ 
mal  limits,  and  thus  confirms  the  paracellular  integrity  of  Caco-2 
monolayers.  The  average  Pe ff,  A-B  of  DIM-10  across  Caco-2  cell 
monolayers  was  0.28  ±  0.05  x  10-6  cm/s,  and  B-A  was 
0.43  ±0.06  x  10_6cm/s  (Fig.  3A).  In  case  of  DIM-14  the  average 
Peff,  A-B  of  across  Caco-2  cell  monolayers  was 
0.26  ±  0.04  x  10-6  cm/s,  and  B-A  was  0.38  ±  0.07  x  10-6  cm/s 
(Fig.  3B).  With  both  DIM-10  and  DIM-14,  the  Caco-2  permeability 
studies  performed  at  different  pH  conditions  (5,  5.8  and  6.8)  did 


not  differ  in  the  permeability  (Fig.  3A&B).  The  TEER  values  were 
not  significantly  changed  throughout  the  Caco-2  permeability 
studies  with  DIM-10  and  DIM-14,  which  is  indicative  of  tight  junc¬ 
tion  integrity  upon  treatment  with  these  drugs.  The  Pe ff,  A-B  of 
DIM-10  NLC  formulation  across  Caco-2  cell  monolayers  was 
0.85  ±  0.02  x  10“5  cm/s,  and  for  DIM-14  NLC  formulation  the  aver¬ 
age  Peff,  A-B  of  across  Caco-2  cell  monolayers  was 
0.72  ±  0.04  x  10-5  cm/s,  respectively.  Compared  to  free  drugs,  the 
Peff  A-B  of  DIM-10  and  DIM-14  NLC  formulations  was  found  to  be 
2.59  and  2.56-fold  significantly  increased  (Fig.  3C&D).  The 
in  vitro  drug  release  studies  indicated  that  both  DIM-10  and 
DIM-14  NLC  formulations  showed  sustained  drug  release  profile 
(Fig.  3E&F).  The  percentage  of  drug  release  was  significantly 
increased  in  NLC  formulation  groups  compared  to  free  drug  groups. 
The  maximum  %  of  drug  release  found  to  have  increased  by  2.94 
and  3.08-fold,  respectively  in  DIM-10  and  DIM-14  NLC  formula¬ 
tions  compared  to  respective  free  drugs.  After  72  h,  the  cumulative 
amount  of  DIM-10  released  in  free  drug  and  NCL  formulation  was 
found  to  be  30.2  and  88.7  pg/ml,  respectively,  whereas  the  cumu¬ 
lative  amount  of  DIM-14  released  in  free  drug  and  NLC  formula¬ 
tions  was  found  to  be  29.8  and  91.9  pg/ml,  respectively.  These 
released  amounts  in  NLC  formulation  groups  seem  to  be  above 
the  normal  solubility  limits  of  these  compounds,  however,  due  to 
increased  solubility  of  DIM-10  and  DIM-14  in  NLC  form  might  have 
achieved  increased  solubility  through  super  saturation.  These 
in  vitro  drug  release  studies  suggest  the  increased  solubility  and 
sustained  release  behavior  of  C-DIM  derivates  in  NLC  formulations. 


3.5.  Pharmacokinetic  analysis  of  DIM-10,  DIM-14  free  drugs  and  NLC 
nanoformulations 

Initial  pharmacokinetic  studies  in  rats  with  DIM-10  and  DIM-14 
showed  limited  oral  absorption.  For  DIM-10  at  30  and  100  mg/kg 
doses,  the  Cmax  concentrations  were  found  to  be  2.68  ±  0.27  and 
8.77  ±  0.87  pg/ml,  respectively.  At  these  doses,  the  AUC  levels  were 
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Fig.  2.  Effect  of  DIM  compounds  on  clonogenic  and  cell  migration  potential.  (A)  Effect  of  DIM-10  and  DIM-14  on  total  number  of  spheroids  in  clonogenic  assay  studied  with 
MDA-MB-468  cells,  (B)  effect  on  the  spheroid/colony  sizes.  (C)  Effect  of  DIM-10  and  DIM-14  on  cell  migration  potential  of  MDA-MB-231  cells  studied  by  wound/gap  closure 
assay,  (D)  representative  spheroids  from  different  groups  and  (E)  representative  images  of  cell  migrations  captured  at  0  and  48  h  time  points.  Each  data  is  represented  as 
mean  ±  sem  (n  =  6-8).  ***P  <  0.001,  **P<  0.01,  *p  <  0.05  Vs  control. 


found  to  be  9.56  ±  0.97  and  34.42  ±  4.12  jig  h/ml,  respectively.  In 
the  DIM-10  NLC  formulation  treated  group,  significant  increase  in 
the  oral  absorption  profile  was  observed.  Compared  to  DIM-10  free 
drug,  NLC  formulation  resulted  in  significant  increase  in  the  phar¬ 
macokinetic  parameters  such  as  Cmax,  AUC  and  MRT  were 
observed.  The  Cmax  concentration  in  DIM-10  formulation  was 
4.73-fold  increased.  The  AUC  levels  were  11.19-fold  significantly 
increased  in  NLC  formulations  compared  to  DIM-10  free  drug 
group  (Fig.  3G  and  Table  2).  Another  drug  DIM-14  NLC  nanoformu¬ 
lation  also  exhibited  superior  oral  bioavailability  profile  compared 
to  free  drug.  The  Cmax  and  AUC  levels  were  2.12  and  8.31 -fold  sig¬ 
nificantly  increased  in  DIM-14  NLC  formulations  (p  <  0.001)  com¬ 
pared  to  free  drugs  (Fig.  3H  and  Table  3). 

3.6.  Pharmacokinetic  analysis  of  DIM- 1 0  NLC  in  dogs 

In  dogs,  DIM-10  free  drug  at  5  mg/kg,  the  Cmax  levels  was  found 
to  be  2.5  ±  0.24  jig/ml,  whereas  in  DIM-10  NLC  formulations  at  the 
same  5  mg/kg  dose,  Cmax  concentrations  were  found  to  be 
6.55  ±  0.64  jig/ml.  There  was  a  2.62-fold  increase  in  the  Cmax  levels 
in  DIM-1 0  NLC  formulations  compared  to  free  drug  (p  <  0.001 ).  AUC 
levels  were  found  to  be  42.69  ±4.08  and  125.90  ±35.78  pgh/ml, 
respectively  in  DIM  10  free  drug  and  DIM-10  NLC  formulations. 
The  fold  increase  was  found  to  be  2.94.  The  percentage  oral 
bioavailability  was  27.09  ±  3.57%  in  DIM-10  free  drug  and  in  NLC 


formulation  it  was  80.06  ±  8.36%.  There  is  a  2.95-fold  significant 
increase  (p  <  0.001)  in  the  absolute  oral  bioavailability  of  DIM-10 
in  NLC  formulation  compared  to  free  drug  in  dogs  pharmacokinetic 
study.  The  mean  residence  time  (MRT)  and  ti/2  values  were  also  sig¬ 
nificantly  increased  in  NLC  formulations  (Fig.  31  and  Table  4).  In 
dogs  PK  study,  treatment  with  DIM  10  NLC  formulation  at  5  mg/ 
kg  by  oral  route  produced  sustained  drug  concentrations  and  the 
plasma  concentrations  were  found  to  be  significantly  higher  in 
NLC  group  (3  pg/ml)  at  24  post  dosing.  Several  factors  might  have 
contributed  for  this  effect  such  as  (1 )  sustained  release  of  drug  from 
NLC  particles  which  are  uptaken  intact  into  GIT  epithelial  cells,  (2) 
altered  metabolism  of  drug  in  NLC  form  and  (3)  decreased  hepatic 
metabolism  of  drug  in  NLC  form  due  to  lymphatic  uptake  pathways. 

3.7.  Anticancer  effects  of  DIM- 1 0  and  DIM-14  NLC  formulations  in 
TNBC  xenograft  models 

In  orthotopic  TNBC  models,  anticancer  effects  of  DIM-10  and 
DIM-14  free  drugs  and  NLC  formulations  were  evaluated  at  the 
dose  of  30  mg/kg.  Treatment  was  started  1  week  after  the  tumor 
cell  implantation  and  continued  for  4  weeks.  Compared  to 
untreated  control  groups,  DIM-10  free  drug  and  NLC  based  formu¬ 
lations  produced  significant  anticancer  effects  in  xenograft  models. 
Compared  to  free  drug,  DIM-10  NLC  formulation  produced  signifi¬ 
cantly  higher  reduction  in  the  tumor  volume  (Fig.  4A&B).  The 
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Fig.  3.  Caco-2  permeability  study.  (A  and  B)  Apical  to  Basolateral  permeability  of  DIM-10  and  DIM-14  at  different  pH  conditions,  (C  and  D)  Caco-2  permeability  of  DIM-10  and 
DIM-14  NLC  formulations  at  pH  5.8,  (E  and  F)  the  in  vitro  drug  release  profile  of  DIM-10  and  DIM-14  NLC  formulations.  Each  data  point  was  represented  as  mean  ±  sem  (n  =  3- 
4).  ***P  <  0.001  Vs  control  group.  Oral  Pharmacokinetic  study  of  DIM-10  and  14  in  Rats,  (G)  pharmacokinetic  profile  of  DIM-10  free  drug  (at  30  and  100  mg/kg)  and  DIM-10 
NLC  (at  30  mg/kg),  (H)  pharmacokinetic  profile  of  DIM-14  free  drug  and  DIM-14  NLC  (at  30  mg/kg)  following  oral  administration  to  rats.  Each  data  point  was  represented  as 
mean  ±  sem  (n  =  5-6).  (I)  Oral  Pharmacokinetics  of  DIM-10  NLC  in  Dogs.  Oral  Pharmacokinetic  profile  of  DIM-10  free  drug  and  DIM-10  NLC  (at  5  mg/kg)  in  dogs.  Each  data 
point  was  represented  as  mean  ±  sem  (n  =  3-4). 


Table  1 

Different  formulation  characteristics  of  DIM-10  and  DIM-14  NLC  formulations. 


Parameters 

DIM-10  NLC 

DIM-14  NLC 

Size  (nm) 

214-222 

210 

Surface  charge  (mV) 

-21.43 

-14.34 

PD  I 

0.19 

0.25 

Drug  loading 

10% 

10% 

Entrapment  efficiency  (%) 

86.23% 

91.68% 

tumor  weights  were  also  significantly  reduced  in  DIM-10  NLC  for¬ 
mulations  compared  to  free  drug  treated  animals  (Fig.  4C).  Fig.  4D 
shows  the  representative  tumor  bearing  animals  and  isolated 


tumors  in  different  groups.  The  anticancer  effects  of  DIM-14  also 
demonstrated  similar  kind  of  anticancer  effects  like  DIM-10. 
DIM-14  NLC  formulations  produced  significantly  higher  reduction 
in  the  tumor  volumes  (Fig.  5 A).  DIM-14  formulation  produced 
2.12  higher  anticancer  effect  compared  to  free  drug  treated  group 
(Fig.  5B).  Similarly,  DIM-14  oral  formulation,  4  weeks  after  the 
treatment  resulted  in  2.56-fold  significant  reduction  (p<  0.001) 
in  the  tumor  weight  compared  to  free  drug  treated  animals 
(Fig.  5C).  Fig.  5D  shows  the  representative  tumor  bearing  animals 
and  isolated  tumors  in  different  groups.  The  anticancer  studies 
indicate  that  both  DIM-10  and  DIM-14  formulations  possess  supe¬ 
rior  anticancer  effects  in  vivo  in  TNBC  models. 


Table  2 

The  pharmacokinetic  parameters  of  DIM-10  free  drug  (at  30  and  100  mg/kg)  and  DIM-10  NLC  (at  30  mg/kg)  after  oral  administration.  The  table  also  shows  the  PK  profile  of  i.v. 
(5  mg/kg)  treated  groups.  Each  data  point  was  represented  as  mean  ±  sem  (n  =  3-4). 


Parameter 

DIM-10  i.v.  5  mg/kg 

DIM-10  free  drug  30  mg/kg 

DIM-10  free  drug  100  mg/kg 

DIM-10  NLC  30  mg/kg 

Tmax  (h) 

0.00 

1  ±0.12 

1  ±1.43 

2  ±  0.24 

Cmax  (flg/ml) 

14.83  ±1.48 

2.68  ±  0.27 

8.77  ±0.87 

12.68  ±  1.27 

ti/2  (h) 

0.78  ±0.81 

4.41  ±  0.52 

5.26  ±0.61 

13.47  ±  1.52 

AUC  (pg  h/ml) 

15.58  ±  1.67 

9.56  ±  0.97 

34.42  ±4.12 

107.0  ±  11.23 

AUMC  (pg  h/ml) 

14.98  ±  1.55 

58.46  ±  5.93 

247.55  ±25.87 

1469.56  ±148.23 

MRT  (h) 

0.96  ±0.16 

6.11  ±0.67 

7.19  ±0.83 

13.73  ±1.46 
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3.8.  Western  blot  analysis  of  DIM-10  and  DIM-14  treated  tumor 
samples 

The  western  blot  analysis  also  supported  the  superior  anti¬ 
cancer  effects  of  DIM-10  and  DIM-14  in  NLC  formulations.  Com¬ 
pared  to  control  tumors,  Cleaved  caspase  3  expression  was  1.90- 
fold  increased  in  DIM-10  free  drug  (FD)  treated  tumors,  whereas 
in  DIM-1 0-NLC  treated  tumors  its  expression  was  4.73-fold  signif¬ 


icantly  increased  (Fig.  6A  and  D).  PNCA  expression  was  1.19-fold 
decreased  in  DIM-10  free  drug  treated  tumors,  whereas  in  DIM- 
10  NLC  formulations,  PCNA  expression  was  2.05-fold  decreased 
(Fig.  6A  and  B).  Further,  the  cyclin  D1  expression  was  1.12  and 
2.05-fold,  respectively  decreased  in  DIM-10  free  drug  and  NLC  for¬ 
mulation  treated  tumors  compared  to  untreated  control  tumors 
(Fig.  6A  and  C).  All  the  studied  markers,  DIM-10  NLC  formulation 
produced,  2.48,  1.72  and  1.82-fold  respective  change  in  cleaved 


Table  3 

The  pharmacokinetic  parameters  of  DIM-14  free  drug  (30  mg/kg)  and  DIM-14  NLC  (at  30  mg/kg)  after  oral  administration.  The  table  also  shows  the  PK  profile  of  i.v.  (5  mg/kg) 
treated  groups. 


Parameter 

DIM-14  i.v.  5  mg/kg 

DIM-14  free  drug  30  mg/kg 

DIM-14  NLC  30  mg/kg 

Tmax  (h) 

0.00 

1  ±  0.34 

2  ±  0.45 

Cmax  (gg/ml) 

21.48  ±3.59 

4.86  ±0.67 

10.34  ±2.04 

ti/2  (h) 

0.68  ±0.31 

3.83  ±0.61 

10.78  ±  1.22 

AUC  (pg  h/ml) 

17.83  ±3.93 

10.13  ±1.62 

84.20  ±15.30 

AUMC  (pg  h/ml) 

18.34  ±2.63 

61.01  ±7.63 

1291.08  ±383.66 

MRT  (h) 

0.81  ±0.27 

5.67  ±  0.45 

11.84  ±  2.16 

Table  4 

The  pharmacokinetic  parameters  of  DIM-10  free  drug  after  oral  and 

i.v.  administration  at  5  mg/kg  dose  and  DIM-10  NLC  formulation  (5  mg/kg  oral)  in  dogs  model. 

Parameter 

DIM-10  i.v.  5  mg/kg 

DIM-10  free  drug  5  mg/kg 

DIM- 10  NLC  5  mg/kg 

Tmax  (h) 

0.00 

2.00  ±0.19 

1.00  ±0.13 

Cmax(l±g/ml) 

45.61  ±4.38 

2.50  ±  0.24 

6.55  ±  0.64 

tl/2  (h) 

1.11  ±0.16 

19.61  ±1.87 

64.90  ±  6.25 

AUC  (pg  h/ml) 

31.78  ±3.02 

42.69  ±  4.08 

125.90  ±35.78 

MRT  (h) 

1.50  ±0.16 

24.99  ±  2.37 

92.21  ±  8.92 

%  Bioavailability 

- 

27.09  ±3.57 

80.06  ±  8.36 

Control  DIM-1 0-FD  DIM-10- NLC 


1200 

g  1000 

E 

800 

3 

;>  600 
O 

|  400 

I- 

15 

c  200 

LL 

0 


control  DIM-1 0-FD 


*  *  * 


Fig.  4.  Anticancer  effects  of  DIM-10  NLC  formulation  in  orthotopic  TNBC  model.  (A)  Tumor  volumes  during  the  4  weeks  of  DIM-10  NLC  oral  administration  in  TNBC  bearing 
mice,  (B)  final  tumor  volumes,  (C)  final  tumor  weights  after  completion  of  4  weeks  of  DIM-10  free  drug  and  NLC  treatment  at  the  dose  of  30  mg/kg  dose  orally  and  (D) 
representative  photomicrographs  of  tumor  bearing  mice  and  isolated  tumors  from  different  groups.  Each  data  point  was  represented  as  mean  ±  sem  (n  =  6-8).  *p  <  0.05  and 
***p  <  0.001  Vs  untreated  groups. 
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Weeks  Post  Treatment 


Fig.  5.  Anticancer  effects  of  DIM-14  NLC  formulation  in  TNBC  model.  (A)  Tumor  volumes  during  the  4  weeks  of  DIM-14  NLC  oral  administration  in  TNBC  bearing  mice,  (B) 
final  tumor  volumes,  (C)  final  tumor  weights  after  completion  of  4  weeks  of  DIM-14  FD  and  NLC  treatment  at  the  dose  of  30  mg/kg  dose.  (D)  Representative  photomicrographs 
of  tumor  bearing  mice  and  isolated  tumors  from  different  groups.  Each  data  point  was  represented  as  mean  ±  sem  (n  =  6-8).  **p  <  0.01  and  ***p  <  0.001  Vs  untreated  groups. 
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caspase  3,  PCNA  and  cyclin  D1  expression  compared  to  DIM-10  free 
drug  treated  tumors.  Treatment  with  DIM-14  also  produced  favor¬ 
able  anticancer  effects.  The  cleaved  caspase  3,  which  is  an  apop- 
totic  marker  was  1.56  and  2.68-fold,  respectively  increased  in 
DIM-14  free  drug  and  NLC  formulation  treated  groups 
(Fig.  7  A  and  C).  The  PNCA  expression  was  1.28  and  3.51 -fold 


(p  <  0.05  and  p  <  0.001 ),  respectively  significantly  decreased  in  free 
drug  and  DIM-14  NLC  formulation  treated  groups  (Fig.  7 A  and  B). 
Similarly,  cyclin  D1  expression  was  2.28  and  6.63-fold  down  regu¬ 
lated  (p<  0.001)  in  free  drug  and  formulation  treated  groups 
(Fig.  7 A  and  D).  DIM-14  NLC  formulation  produced,  1.71,  2.74 
and  2.90-fold  respective  change  (p<  0.001)  in  cleaved  caspase  3, 
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PCNA  and  cyclin  D1  expression  compared  to  DIM-14  free  drug 
treated  tumors  (Fig.  7). 

3.9.  Immunohistochemical  analysis  of  tumors 

The  IHC  analysis  of  TNBC  tumor  sections  also  indicated  the 
superior  anticancer  effects  of  DIM-10  and  DIM-14  NLC  formula¬ 
tions  compared  to  free  drug  treated  tumors  (Fig.  8 A).  Cleaved  cas¬ 
pase  3  was  found  to  be  2.26  and  2.78-fold  significantly  increased  in 
DIM-10  free  drug  and  NLC  formulation  groups  (Fig.  8B).  The 
increased  Cleaved  caspase  3  suggests  that  these  compounds  pro¬ 
duce  anticancer  effects  through  induction  of  apoptosis.  Due  to  anti¬ 
cancer  effects  of  DIM-10,  a  significant  decrease  in  the  cell 
proliferation  marker  Ki67  was  observed.  A  1.42  and  2.90-fold 
(p<0.01  and  p<  0.001)  decrease  in  the  Ki-67  expression  was 
observed  in  DIM-10  free  drug  and  DIM-10  NLC  formulation  treated 
tumors  (Fig.  8A  and  C).  The  CD31  that  is  indicator  of  microvascular 
density  (MVD)  of  tumors  was  found  to  be  1.60  and  2.47-fold  signif¬ 
icantly  decreased  in  DIM-10  free  drug  and  NLC  formulation  treated 
tumors  compared  to  control  tumors  (Fig.  8A  and  D).  In  all  the  three 
markers  studied  (cleaved  caspase  3,  Ki-67  and  CD31),  NLC  formu¬ 
lation  produced  1.22,  2.04  and  1.54-fold  significant  change  com¬ 
pared  to  free  DIM  treated  groups  (Fig.  8A-D).  Similar  pattern  of 
increased  anticancer  effects  in  IHC  analysis  was  observed  with 
DIM-14  NLC  formulations  (data  not  shown).  The  body  weight 
changes  and  histopathological  examination  of  DIM-10  and  DIM- 
14  as  in  free  drug  and  NLC  formulations  did  not  induce  any  kind 
of  adverse  effects. 

3.10.  Effect  of  DIM- 10  and  DIM- 14  on  VEGF  levels 

VEGF  levels  in  tumor  lysates  were  significantly  reduced  in  DIM- 
10  and  DIM-14  free  drug  and  NLC  formulation  treated  groups. 
Compared  to  free  drug  treated  groups,  NLC  formulations  produced 


more  reduction  in  the  VEGF  levels.  Compared  to  control  tumors,  in 
DIM-10  free  drug  groups,  1.69-fold  reduction  and  in  DIM-1 0-NLC 
formulation  groups,  2.88-fold  reduction  in  the  VEGF  levels  were 
observed  (Fig.  8E).  Similarly,  in  DIM-14  treated  groups,  1.55  and 
2.49-fold  respective  decrease  in  free  drug  and  NLC  groups  was 
observed.  Compared  to  free  drug,  1.70  and  1.60-fold  respective 
reduction  in  DIM-10  and  DIM-14  NLC  formulation  groups  was 
observed  (Fig.  8E). 


4.  Discussion 

Developing  the  anticancer  drugs  against  TNBC  is  urgently 
needed,  due  to  rapid  increase  in  the  breast  cancer  patients.  There 
is  no  selective  and  efficient  drug  available  to  treat  TNBC,  and  cur¬ 
rently  used  drugs  are  associated  with  severe  toxicity  concerns 
[13,35].  We  have  chosen  two  of  C-DIM  analogs,  DIM-10  and 
DIM-14  and  evaluated  them  in  TNBC  models.  Cytotoxicity  assays 
revealed  that  both  these  C-DIM  analogs  produced  concentration 
dependent  cell  kill  on  MDA-MB-231,  MDA-MB-468,  MDA-MB- 
453,  BT474  and  SKBR3  cell  types.  Our  results  are  in  agreement  with 
the  previous  reports  of  promising  anticancer  effects  of  C-DIMs  in 
different  cancer  types  [34,33,4,11,22]. 

Approximately  30%  of  the  NCEs  suffer  with  poor  oral  bioavail¬ 
ability,  due  to  which  pharmaceutical  companies  discontinue  fur¬ 
ther  development  of  many  potent  NCEs.  In  our  studies,  it  was 
observed  that  both  DIM-10  and  DIM-14  have  poor  aqueous  solubil¬ 
ity.  The  absolute  oral  bioavailability  of  both  DIM-10  and  DIM-14 
was  found  to  be  approximately  <20%.  Because  many  studies 
demonstrated  the  promising  role  of  different  nanoformulations  in 
overcoming  poor  aqueous  solubility  [25,31,5,28],  we  chose  NLC 
formulation  approach  [17,32,6,24].  Initially,  prepared  NLC  formu¬ 
lation  were  subjected  to  in  vitro  drug  release  profiles  and  found 
that  both  DIM-10  and  DIM-14  release  were  significantly  increased 
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Fig.  8.  Histopathology  and  Immunohistochemical  analysis.  (A)  Representative  images  of  Hemotoxylin  and  Eosin  stained  tumor  sections  (first  row)  and  IHC  analysis  fields  for 
Cleaved  caspase  3  (second  row),  Ki-67  (third  row)  and  CD-31  (fourth  row)  markers.  The  brown  color  stained  fields  indicate  the  positive  expression  of  particular  markers. 
Quantitative  analysis  of  IHC  study  for  (B)  Cleaved  caspase  3,  (C)  Ki-67,  (D)  CD-31  (tumor  microvascular  density  and  (E)  VEGF  levels  in  tumors.  Each  data  point  was  represented 
as  mean  ±  sem  (n  =  3).  *p  <  0.05,  **p  <  0.01  and  ***p  <  0.001  Vs  control  groups  and  b  Vs  DIM-10  free  drug  (FD)  group. 


in  NLC  formulations  compared  to  free  drugs;  this  increased  drug 
release  is  due  to  increase  solubility  of  DIMs  in  nanocarrier  systems. 
Caco-2  permeability  studies  demonstrated  the  increased  perme¬ 
ability  of  DIM-10  and  DIM-14  NLC  formulations.  The  increased  per¬ 
meability  of  C-DIMs  through  Caco-2  monolayers  might  mainly 
taken  place  through  intact  NLC  uptake  into  cells.  Therefore,  the 
increased  absorption  of  drug  from  NLC  based  formulations  is  due 
to  increased  drug  solubility  and  NLC  based  increased  permeation 
into  monolayers.  This  increased  oral  absorption  was  further  sup¬ 
ported  by  pharmacokinetic  studies  in  rats  by  increased  bioavail¬ 
ability  of  DIM-10  and  DIM-14.  NLC  formulation  of  DIM-10 
exhibited  superior  oral  bioavailability  profile.  The  Cmax,  AUC  levels 
of  DIM-10  NLC  formulation  at  30  mg/kg  dose  were  superior  to 
100  mg/kg  free  drug  oral  formulation.  This  suggests  that  NLC  based 
formulations  produced  greater  than  10-fold  increase  in  the  oral 
bioavailability.  Therefore,  by  using  NLC  based  formulation 
approaches  we  can  reduce  the  dose  to  almost  l/3rd  of  the  free 
drug.  This  observation  clearly  demonstrates  the  usefulness  of 
NLC  based  oral  formulation  approach  to  increase  bioavailability 
of  poorly  soluble  drugs.  Similarly,  the  oral  pharmacokinetic  profile 
of  DIM-14  NLC  formulation  was  also  significantly  increased.  Cur- 
cumin  is  a  classical  example  of  a  drug  which  needs  high  doses 
for  therapeutic  benefits  because  of  poor  aqueous  solubility  and 
poor  permeability  [12,1].  Several  nanoformulation  approaches 
exhibited  significant  improvement  in  oral  bioavailability  of  cur- 
cumin  15,21,1].  In  a  similar  fashion,  using  NLC  formulation  based 
approach,  the  doses  of  DIM-10  and  DIM-14  can  be  significantly 
reduced.  In  an  effort  to  increase  the  clinical  relevancy,  the  pharma¬ 


cokinetic  profile  of  DIM-10  formulation  was  studied  in  dogs.  The 
dog  pharmacokinetic  data  also  suggested  promising  effects  of 
NLC  formulations.  Upon  comparison  of  DIM-10  NLC  formulations 
in  rat  and  dog  models,  the  Cmax  values  were  found  to  be  2.62- 
fold  significantly  increased  in  dog  model  compared  to  4.73-fold 
increase  observed  in  rat  oral  bioavailability  studies.  Similarly,  the 
AUC  values  were  found  to  be  2.94-fold  increase  in  dogs  compared 
to  10.96-fold  significant  increase  in  rat  models.  Though  the  level  of 
increase  was  different  between  dog  and  rat  models,  both  the  ani¬ 
mal  models  demonstrated  significant  improvement  in  oral 
bioavailability  compared  to  free  drug.  Upon  DIM-10  NLC  treat¬ 
ment,  compared  to  dogs,  rats  exhibited  higher  bioavailability  pro¬ 
file.  The  probable  reason  for  this  varied  response  may  be 
physiological  differences  between  the  models  and  also  varied 
uptake  and  drug  disposal  mechanisms.  Similar  types  of  observa¬ 
tions  were  also  reported  by  us  with  self  emulsified  DIM  formula¬ 
tions  (Ref).  Further,  the  absolute  oral  bioavailability  of  DIM-10 
was  increased  from  27  to  80%  in  NLC  formulations  compared  to 
free  drug.  The  possible  reasons  for  increased  oral  absorption  of 
NLC  formulations  are  increased  solubility  in  nanoparticle  form, 
increased  absorption  of  intact  nanoparticles  via  lymphatic  and 
other  GI  uptake  mechanisms  [3,29].  Our  studies  are  in  line  with 
published  reports  indicating  the  role  of  NLC  formulations  to 
increase  oral  bioavailability  of  several  drugs.  Further,  the  effect  of 
GIT  degradation  to  limit  the  oral  bioavailability  of  DIM  compounds 
was  reported  in  previous  studies  [18].  In  both  rat  and  dog  models, 
NLC  formulations  resulted  in  increase  in  the  MRT.  NLC  formula¬ 
tions  due  to  their  sustained  release  behavior  might  have 
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contributed  to  the  increased  residence  time  of  the  drug  [20].  In 
dogs,  5  mg/kg  dose  of  DIM-10  in  free  drug  and  NLC  form  was  well 
tolerated.  No  evidence  of  toxicity  was  noticed  in  dogs  treated  with 
DIM-10;  therefore,  our  DIM-10  NLC  formulation  may  be  suitable 
for  the  clinical  use  after  appropriate  trials  are  done. 

The  in  vitro  cytotoxicity  and  clonogenic  assays  indicated  that 
both  DIM-10  and  DIM-14  have  very  good  anticancer  effects.  The 
cell  migration  assay  suggested  that  both  these  compounds  pro¬ 
duced  significant  antimetastatic  effects.  However,  the  promising 
anticancer  effects  exhibited  by  DIM-10  and  DIM-14  in  cell  culture 
based  studies  did  not  translate  into  similar  anticancer  effects  when 
studied  in  orthotopic  nude  mice  models.  However,  our  NLC  formu¬ 
lations  that  have  shown  significant  increase  in  the  oral  pharma¬ 
cokinetic  profiles,  produced  superior  anticancer  effects  compared 
to  DIM-10  and  DIM-14  free  drug  treated  animals.  The  NLC  based 
oral  formulation  produced  2-3-fold  increase  in  the  anticancer 
effects  compared  to  respective  free  drug  treated  groups.  Among 
several  possible  mechanisms  of  anticancer  effects,  both  DIM-10 
and  DIM-14  induced  anticancer  effect  through  inhibition  of  VEGF 
levels.  Significant  reduction  in  the  VEGF  levels  was  observed  in 
tumor  lysates  in  C-DIM  treated  groups.  The  role  of  VEGF  in  angio¬ 
genesis  is  very  well  documented  in  several  studies  and  antiangio- 
genic  effects  of  C-DIM  were  also  reported  in  previous  studies, 
which  are  in  agreement  with  our  present  findings  2,7].  Our  NLC 
based  oral  formulation  approach  may  provide  superior  anticancer 
drug  delivery  strategies  for  poorly  water  soluble  drugs  to  improve 
the  pharmacokinetics  problems  associated  with  several  interesting 
anticancer  agents. 

Another  mechanism  of  anticancer  effects  of  DIM-10  and  DIM-14 
oral  formulation  is  through  induction  of  apoptosis.  The  western 
blot  analysis  demonstrated  significant  increase  in  cleaved  caspase 
3  levels  in  free  drug  and  NLC  formulation  treated  groups.  The  apop¬ 
tosis  inducing  potential  of  C-DIMs  in  different  cancer  types  has 
been  reported  earlier  [16].  The  decreased  expression  of  cyclin  D1 
in  C-DIMs  in  free  drug  and  NLC  formulations  suggests  that  these 
compounds  inhibit  the  cell  proliferation  by  blocking  the  cell  cycle 
dependent  kinases.  Further,  the  decreased  expression  of  PCNA  con¬ 
firms  the  role  of  these  drugs  to  prevent  cell  proliferation.  Previous 
studies  also  demonstrated  the  effect  of  C-DIM  derivatives  on  cyclin 
D1  and  PNCA  expression  [36,2].  In  all  the  in  vivo  anticancer  effects 
(Tumor  volume  and  tumor  weight)  and  western  blot  parameters, 
the  superior  anticancer  effects  of  DIM-10  and  DIM-14  formulations 
were  demonstrated  compared  to  respective  free  drug  groups.  This 
is  the  first  study  to  demonstrate  the  anticancer  effects  of  DIM-10 
and  DIM-14  on  TNBC  models.  Further,  applying  the  NLC  formula¬ 
tion  approach  and  demonstrating  the  improved  pharmacokinetic 
profile  of  these  formulations  in  dog  models  are  unique,  scalable 
and  translational.  Similarly,  the  Immunohistochemical  (IHC)  anal¬ 
ysis  of  tumor  sections  supported  the  superior  anticancer  effects  of 
NLC  formulations  compared  to  free  drug  treated  animals.  The  IHC 
markers  such  as  Ki  67,  cleaved  caspase  3  and  CD31  were  signifi¬ 
cantly  different  compared  to  free  drug  treated  groups.  Further, 
the  western  blotting  analysis  also  resulted  in  superior  anticancer 
effects  of  DIM  NLC  formulations  compared  to  free  drugs.  Upon 
chronic  administration  of  C-DIM  free  drugs  and  NLC  formulations 
did  not  induce  any  kind  of  toxic  effects.  The  Histopathological  eval¬ 
uation  of  GIT  section  ileum  did  not  result  in  any  observable  mor¬ 
phological  toxic  effects  on  GIT.  This  strongly  suggests  that  NLC 
formulations  are  well  tolerated  upon  chronic  administration. 


5.  Conclusions 

Our  in  vitro  and  in  vivo  studies  demonstrate  that  novel  C-DIM 
analogs  (DIM-10  and  DIM-14)  have  potential  anticancer  effects  in 
TNBC  models.  Further,  novel  NLC  based  formulations  of  DIM-10 


and  DIM-14  resulted  in  significant  increase  in  the  oral  bioavailabil¬ 
ity  and  anticancer  activity  in  animal  models.  The  pharmacokinetic 
studies  in  dogs  also  resulted  in  significant  increase  in  the  oral 
bioavailability  of  DIM-10  NLC  formulation  and  suggest  its  transla¬ 
tion  potential  for  clinical  application.  The  anticancer  effects  of 
DIM-10  and  DIM-14  NLC  were  found  to  be  superior  to  free  drug 
treated  groups.  All  the  molecular  parameters  such  as  western  blot 
and  IHC  assay  confirmed  the  enhanced  anticancer  effects  of  NLC 
formulations  compared  to  free  drug  treatment.  Therefore,  our 
studies  clearly  demonstrate  the  beneficial  role  of  DIM-10  and 
DIM-14  NLC  formulations  to  treat  the  TNBC.  Further,  it  is  also  sug¬ 
gested  to  use  NLC  based  formulation  approach  to  increase  oral 
bioavailability  of  poorly  water  soluble  drugs  from  synthetic  and 
photochemical  origin. 
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ABSTRACT 

Purpose  Non-small  cell  lung  cancer  is  the  leading  cause  of 
cancer  related  deaths  globally. 

Considering  the  side  effects  and  diminishing  chemosensitivity 
to  chemotherapy,  novel  treatment  approaches  are  sought. 
Hence,  we  aim  to  develop  a  liposomal  co-delivery  system  of 
pDNA  expressing  shRNA  against  PFKFB3  (pshPFKFB3)  and 
docetaxel  (DTX). 

Methods  Cationic  DTX  liposomes  complexed  with 
pshPFKFB3  (PSH-DL)  were  developed.  In  vitro  cell  line  studies 
were  performed  to  evaluate  transfection,  PFKFB3  mRNA 
silencing,  cytotoxicity,  pGP  inhibition,  and  protein  markers 
expression.  In  vivo  efficacy  study  was  performed  in  A549  xeno¬ 
graft  nude  mice  model. 

Results  Cytotoxicity  studies  showed  significantly  enhanced 
anticancer  activity  of  PSH-DL  against  individual  treatment 
alone  confirming  the  chemoenhancing  effect  of 
pshPFKFB3  on  DTX  activity.  Fluorescence  microscopy 
and  RT-PCR  showed  effective  transfection  and  RNAi  by 
pshPFKFB3.  pGP  inhibition  assay  and  western  blotting 
revealed  that  PFKFB3  downregulation  caused  diminution 
of  pGP  activity  leading  to  changes  in  cell  cycle  (Cdk2), 
survival  (survivin),  apoptosis  (Bcl2  and  cleaved  caspase  3) 
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and  stress  (p-JNK  and  p-p38)  markers  so  that  induces  ap¬ 
optosis  by  PSH-DL  in  NSGLG  cells.  PSH-DL  also  showed 
~ 3. 8-fold  reduction  in  tumor  volume  in  A549  xenograft 
model  which  was  significantly  higher  than  individual  treat¬ 
ments  alone. 

Conclusion  Targeting  PFKFB3  through  shRNA  based  RNAi 
is  a  promising  approach  for  potentiating  activity  of  DTX  in 
NSGLG. 

KEYWORDS  docetaxel  liposome  ■  gene  delivery  ■  lung 
cancer  ■  PFKFB  ■  shRNA 


ABBREVIATIONS 

3PO 

3-(3-pyridinyl)- 1  -(4-pyridinyl)-2-propen- 
1-one 

AO/EB  staining 

Acridine  orange  and  ethidium  bromide 
staining 

DDAB 

Dimethyldioctadecyl-ammonium 

bromide 

DL 

Docetaxel  liposomes 

DOTAB 

N-  (2,  3-Dioleoyloxy-l -propyl) 
trimethylammonium  bromide 

DPPC 

1 ,2-dipalmitoyl-sn-glycero-3- 
phosphocholine 

DSPE-PEG-2000 

1 ,2-Distearoyl-sn-glycero-3- 
phosphoethanolamine-N-  methoxy 
(poly ethyleneglycol)  2000 

DTX 

Docetaxel 

EPR 

Enhanced  permeation  and  retention 

GFP 

Green  fluorescent  protein 

LF2KI00 

Lipofectamine-2000  complexed  with 
pshPFKFB3  100  ng 

MLV 

Multi-lamellar  vesicles 

N/P 

Nitrogen  to  phosphate  ratio 

NC 

NC-pDNA-DL 

Negative  control  plasmid 
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NC-pDNA-L 

NSCLC 

pDNA 

PFKI5 

PFKFB3 


pGP 

PSH-DL 

PSH-L 

pshPFKFB3 

Rh  123 
RNA 
RNAi 
shRNA 


Docetaxel  loaded  iposomes  complexed 
with  negative  control  plasmid 
Liposomes  complexed  with  negative 
control  plasmid 
Non-small  cell  lung  cancer 
Plasmid  Deoxyribonucleic  acid 
1  -(4-pyridinyl)-  3-(2 -quinolinyl)-  2  - 
propen- 1 -one 

6-Phosphofructo-2-Kinase/Fructose-2, 

6-Biphosphatase  3 

P-glycoprotein 

Docetaxel  loaded  liposomes  complexed 
with  pshPFKFB3 
Blank  liposomes  complexed  with 
pshPFKFB3 

6-Phosphofructo-2-Kinase/Fructose-2, 

6-Biphosphatase  3  shRNA  plasmid 

Rhodamine  123 

Ribonucleic  acid 

RNA  interference 

Short  hairpin  RNA 


INTRODUCTION 

Lung  cancer  and  particularly  non-small  cell  lung  cancer 
(NSCLC)  is  the  foremost  cancer  killer  for  both  men  and  wom¬ 
en  in  the  United  States  (1).  The  survival  rate  with  lung  cancer 
is  approximately  15%  which  is  significantly  less  than  other 
prevalent  cancers,  such  as  breast  and  prostate  cancer.  First 
line  of  treatment  for  lung  cancer  has  been  chemotherapy  for 
decades  and  only  little  success  has  been  achieved;  the  therapy 
usually  is  accompanied  with  serious  dose-limiting  side  effects 
(2).  Hence,  delivery  approaches  for  effective  treatment  with 
limited  toxicity  are  sought. 

Cancer  cells  maintain  an  unusually  high  glycolytic  rate 
even  in  the  presence  of  oxygen,  a  phenomenon  first  described 
by  Otto  Warburg  over  75  years  ago  (3).  The  glycolytic  flux  is  2 
to  1 7-folds  higher  in  tumor  cells  compared  to  normal  cells  (4). 
This  is  because  of  the  high  expression  of  all  the  glycolytic 
enzymes  such  as  phosphofructokinase  (6-Phosphofructo-2- 
Kinase/Fructose-2,  6-Biphosphatase-3,  PFKFB3),  hexoki- 
nase,  pyruvate  kinase,  etc.  and  transporters  induced  by  several 
oncogenes  and  the  hypoxia-inducible  factor- 1  (HIF-1)  (5). 
This  leads  to  the  excretion  of  large  amounts  of  lactate  even 
under  aerobic  conditions,  a  phenomenon  known  as  the 
“Warburg  effect”.  This  high  glycolytic  rate  contributes  to 
the  ATP  supply  for  cellular  work  and  provides  numerous  in¬ 
termediaries  which  are  precursors  for  the  synthesis  of  macro¬ 
molecules,  such  as  polysaccharides,  nucleic  acids,  triglycerides 
and  proteins  required  for  cell  proliferation  (6).  Thus,  such  high 
glycolytic  flux  extrapolates  well  to  tumor  progression,  inva¬ 
siveness,  metastatic  tendency  and  patient  mortality  and 
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morbidity  (7,8).  Hence,  glycolytic  pathway  is  a  suitable  target 
in  which  over-expressed  enzymes  can  be  exploited  for  drug 
delivery  for  the  treatment  of  cancer. 

The  type  of  isoenzyme  expression  is  another  important 
parameter  besides  the  higher  glycolytic  rate  exhibited  by  tu¬ 
mor  cells  (9).  Among  the  enzymes  playing  role  in  glycolysis, 
four  allosteric  PFKFB  enzymes  1-4  expressed  by  four  inde¬ 
pendent  PFKFB  genes,  catalyze  the  rate -limiting  phosphory¬ 
lation  of  fructose-6-phosphate  to  fructose- 1 ,  6-bisphosphate, 
using  ATP  as  the  energy  source  in  the  glycolysis  pathway. 
Among  these  four  allosteric  enzymes,  PFKFB  3  enzyme  retains 
the  highest  Kinase/Biphosphatase  activity  ratio  and  is 
expressed  by  PFKFB 3  gene  which  has  been  demonstrated  to 
be  highly  expressed  in  leukemic  cells  and  in  solid  tumors  (10). 
Moreover,  mitogenic,  hypoxic  and  inflammatory  conditions 
have  an  inductive  effect  on  the  expression  of  PFKFB3.  Hence 
upregulation  of  PFKFB  genes  specific  to  cancer  cells  com¬ 
pared  to  their  normal  counterparts  (from  the  same  patients) 
with  more  robust  over-expression  in  breast  and  lung  cancer 
make  it  a  more  appropriate  target  (8). 

There  are  few  reports  of  potent  and  selective  PFKFB  3 
inhibitors.  Briefly,  3-(3-pyridinyl)-l-(4-pyridinyl)-2-propen-l- 
one  (3PO)  is  a  PFKFB  3  inhibitor  and  has  shown  cytostatic 
activity  in  leukemic  and  other  cancer  cells  (11).  Recently,  a 
novel  derivative,  PFK158,  which  is  a  potent  and  selective  in¬ 
hibitor  of  PFKFB 3  is  being  investigated  in  phase  I  study  in 
patients  with  advanced  solid  malignancies  (12).  According  to 
Boyd  et  al ,  3PO  and  PFK158  are  inactive  in  the  PFKFB3 
kinase  assay  due  to  absence  of  binding  sites  in  these  molecules. 
Other  inhibitors,  such  as  pyridazinone  inhibitors  are  also  be¬ 
ing  investigated  which  have  been  reported  to  have  an  IG50 
greater  that  1  mM  (13).  Thus,  we  propose  to  use  a  gene  de¬ 
livery  system  which  will  utilize  plasmid  for  shRNA  against 
PFKFB  3.  The  approach  is  novel  in  its  being  a  plasmid  which 
will  provide  constant  shRNA  expression  for  RNAi  (RNA  in¬ 
terference)  and  provide  better  therapeutic  action  by  removing 
the  target  mRNA  and  hence  the  protein,  unlike  the  inhibitors 
which  will  only  block  the  function  of  protein.  This  approach  is 
also  advantageous  over  siRNA  based  RNAi  by  having  low  off- 
target  effects,  low  immunological  reactivity  and  toxicity,  high 
in  vivo  stability  and  therapeutic  potential  (14). 

Docetaxel  (DTX)  has  been  used  as  a  primary  agent  for  the 
treatment  of  solid  tumors  such  as  in  lung,  breast  and  pancre¬ 
atic  cancers  (15-17).  Currently  available  marketed  formula¬ 
tions  of  taxanes  (DTX  and  paclitaxel)  face  issues  of  resistance 
development  and  toxicides  which  are  dose  limiting  (18). 
Abraxane,  which  is  a  nanoparticle  albumin-bound  paclitaxel, 
has  been  approved  for  metastatic  pancreatic,  lung  and  breast 
cancer.  It  is  used  in  combination  with  carboplatin  for  the 
initial  treatment  of  patients  with  locally  advanced  or  metasta¬ 
tic  NSCLC  who  are  not  candidates  for  curative  surgery  or 
radiation  therapy  (19).  Taxotere  and  taxol,  which  are  micellar 
formulations  of  DTX  and  paclitaxel,  respectively,  are  used  for 
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intravenous  therapy  of  breast,  lung,  prostate,  gastric,  head  and 
neck,  ovarian  and  pancreatic  cancer.  However,  both  the  drugs 
have  dose  dependent  side  effects  like  neutropenia,  alopecia 
and  anemia.  Hence,  a  formulation  strategy  is  required  that 
can  overcome  its  toxicity  while  providing  better  alternative 
treatment  approach  in  comparison  to  those  available  in  the 
clinic.  Liposomes  are  able  to  entrap  hydrophobic  drugs  in  the 
bilayer  and  provide  protection  from  degradation,  reduce  tox¬ 
icity,  and  possibly  help  in  overcoming  multidrug  resistance 
(20).  Furthermore,  liposomes  can  be  modified  using  appropri¬ 
ate  selection  of  lipids  to  load  large  hydrophobic  drugs  such  as 
DTX  in  the  bilayer  along  with  the  use  of  cationic  lipids  to 
complex  with  therapeutic  genes  (21).  Liposomal  co-delivery 
of  the  drug  with  the  shRNA  plasmid  against  PFKFB3  would 
be  of  added  advantage  by  providing  a  simultaneous  delivery 
of  drug  and  gene  using  the  same  nano-particulate  carrier  to 
the  tumor  site. 

The  objective  of  this  study  was  to  evaluate  the  therapeutic 
potential  of  plasmids  to  provide  pool  of  shRNA  in  cells  for 
silencing  PFKFB3  and  evaluate  the  efficacy  of  the  co¬ 
delivery  of  a  chemotherapeutic  agent  with  such  RNAi  agent. 
The  objective  here  was  to  develop  a  non-toxic  liposomal  sys¬ 
tem  of  DTX  and  plasmid  which  can  express  PFKFB3  shRNA 
for  inhibiting  a  key  enzyme  in  the  glucose  metabolism  for 
parental  delivery.  The  co-delivery  liposomal  system  was  eval¬ 
uated  in  lung  cancer  cells  in  vitro  for  its  therapeutic  effects. 
Further,  in  vivo  A549  xenograft  model  was  used  to  evaluate 
the  therapeutic  potential  of  the  system  and  proof-of-concept 
was  established  through  mechanistic  studies  to  characterize 
the  involvement  of  specific  pathways  in  the  therapeutic  effec¬ 
tiveness  of  the  combination. 

MATERIALS  AND  METHODS 

Materials 

Docetaxel  (DTX)  (LG  Laboratories,  Woburn,  MA)  was  dis¬ 
solved  in  dimethyl  sulfoxide  (DMSO)  to  prepare  1  mM  stock 
solution  and  aliquots  were  stored  at  -20°C.  Stock  solutions 
were  diluted  to  the  desired  final  concentrations  with  medium 
just  before  use.  l,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPG),  N-  (2, 3-Dioleoyloxy- 1  -propyl)  trimethylammonium 
bromide  (DOTAB)  and  1 ,2-Distearoyl-sn-glycero-3- 
phosphoethanolamine-N-  methoxy  (polyethyleneglycol) 
(DSPE-PEG-2000)  were  obtained  from  Lipoid  LLG, 
Germany.  Dimethyldioctadecyl-ammonium  bromide 
(DDAB)  was  purchased  from  Sigma-Aldrich  (St.  Louis, 
Missouri).  All  the  chemicals  were  used  without  any  further 
purification.  The  mouse  antibodies  against  p-  actin  were  pur¬ 
chased  from  Santa  Cruz  Biotechnology  (Dallas,  TX).  The 
rabbit  antibodies  against  Cdk2,  Survivin,  Bcl2,  Cleaved 
Gaspase  3,  JNK,  pJNK,  p38  and  p-p38  were  purchased  from 


Cell  Signaling  Technology  (Danvers,  MA).  Secondary  goat 
anti-rabbit  or  anti-mouse  antibodies  conjugated  with  horse¬ 
radish  peroxidase  was  bought  from  Santa  Gruz  Biotechnology 
(Dallas,  TX).  iScript™  Advanced  cDNA  Synthesis  Kit  and 
SsoAdvanced™  Universal  SYBR®  Green  Supermixwere 
purchased  from  Bio  rad  (California,  USA).  Q-PCR  primers 
for  mouse  PFKFB3  were  purchased  from  Origene  (Rockville, 
MD).  PFKFB3  plasmid  (pshPFKFB)  was  obtained  from 
Origene  Technologies  (Rockville,  MD). 

Cell  Lines 

The  cell  lines,  A549  (GGL-  185),  H460  (HTB-  177)  and 
HEK293  (GRL-  1573),  were  obtained  from  American  Type 
Culture  Collection  (ATCC).  All  cell  lines  were  maintained  in 
Dulbecco’s  Modified  Eagle’s  medium  (DMEM;  Sigma 
Aldrich,  St  Louis,  MO)  nutrient  mixture  supplemented  with 
10%  fetal  bovine  serum  (FBS)  from  Invitrogen  (Grand  Island, 
NY)  and  antibiotic-antimycotic  mixture  comprising  penicillin 
(5000  U/mL),  streptomycin  (0.1  mg/mL)  and  neomycin 
(0.2  mg/mL)  from  Sigma  Aldrich  (St  Louis,  MO,  USA). 
The  cell  lines  were  sub-cultured  when  they  were  approximate¬ 
ly  80%  confluent  with  0.25%  trypsin-EDTA  (Invitrogen, 
Grand  Island,  NY). 

Methods 

Preparation  and  Characterization  of  co-Loaded  Liposomes 

Preparation  of  Different  Liposomal  Formulations.  DTX  lipo¬ 
somes  (DL)  were  prepared  by  ether  injection  method.  Briefly, 
DTX,  DOPC,  DOPE,  DOTAP,  DDAB  and  DSPE- 
mPEG2ooo  were  dissolved  in  1 .5  mL  diethyl  ether.  The  solution 
was  then  injected  into  10  ml  of  distilled  water  at  55°C.  The 
suspension  formed  was  kept  at  the  same  temperature  for  60  min 
under  constant  stirring  to  form  multi-lamellar  vesicles  (MLV). 
The  small  unilamellar  vesicles  were  obtained  from  the  MLV 
suspension  by  ultra-sonication  (Vibra  Cell™,  130w,  20  kHz, 
4  min).  DL  were  optimized  using  DoE  study  using  Box- 
Behnken  design  (Design  Expert  7.0,  Sate  Ease,  MA)  using  en¬ 
trapment  efficiency  and  particle  size.  Optimized  liposomes 
were  used  for  complexation  with  pshPFKFB  3  to  obtain  co¬ 
loaded  liposomes  (PSH-DL).  DTX  liposomes  complexed  with 
negative  control  pDNA  (NC-pDNA)  (NC-pDNA-DL)  were 
used  for  in  vitro  and  in  vivo  studies.  For  this,  DL  were  incubated 
with  pshPFKFB 3  or  NC-pDNA  at  room  temperature  at  in¬ 
creasing  w/w  ratio  of  pshPFKFB  3  to  cationic  lipids  and  were 
analyzed  for  complexation  efficiency.  Similarly,  liposomes  with¬ 
out  DTX  complexed  with  pshPFKFB  3  (PSH-L)  were  also  pre¬ 
pared  using  the  same  lipid  composition  for  in  vitro  studies. 

Physicochemical  Characterization  of  Liposome.  Particle  size  and 
polydispersity  of  the  liposomes  were  determined  by  photon 
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correlation  spectroscopy  (PCS)  using  Zeta  sizer  (PSS  Systems, 
USA).  Zeta  potential  of  liposomes  was  determined  by  electro¬ 
phoretic  mobility  determination  using  Zeta  sizer  (PSS  systems, 
USA).  The  liposome  samples  were  analyzed  after  appropriate 
dilution  with  deionized  water. 

For  the  entrapment  efficiency,  the  amount  of  DTX  encap¬ 
sulated  in  the  liposomes  was  determined  by  HPLG.  A  reverse- 
phase  HPLG  column  (Agilent  Eclipse  XDB-G18, 
4.6  x  250  mm,  5  jam)  was  used.  Briefly,  formulation  was  centri¬ 
fuged  at  5000  rpm  for  10  min  for  pelleting  the  unentrapped 
DTX.  Supernatant  containing  DTX  liposomes  was  mixed  with 
methanol  (1:4  v/v)  for  liposomal  disruption  and  then  diluted 
appropriately  with  mobile  phase  consisting  of  acetonitrile  and 
deionized  water  (60:40,  v/v).  The  flow  rate  of  mobile  phase  was 
set  to  1.0  mL/min.  The  run  time  was  set  at  15  min  and  the 
column  temperature  was  ambient.  Prior  to  the  injection  of  the 
drug  solution,  the  column  was  equilibrated  for  at  least  0.5  h  with 
the  mobile  phase  flowing  through  the  system.  The  column  ef¬ 
fluent  was  detected  with  a  PDA  detector  at  227  nm.  The  cali¬ 
bration  curve  was  linear  in  the  range  of 50-50,000  ng/ ml  with  a 
regression  coefficient  R2  =  0.999.  The  drug  encapsulation  effi¬ 
ciency  was  defined  as  the  percentage  of  the  amount  of  DTX 
encapsulated  in  the  liposomes  to  total  amount  of  drug. 

%  Entrapment  efficiency 

=  Amount  of  drug  entrapped  X  1 00 /Total  amount  of  dmg 


for  48  h  to  check  the  effect  of  the  liposomes.  Cells  were 
transfected  with  either  control  plasmid  or  plasmid  directed 
against  PFKFB3  (pshPFKFB3)  at  40  ng/well  along  with 
DTX  liposomes  with  various  concentrations  for  48  h.  Cells 
were  washed  with  PBS  and  100  pi  of  0.5%  (v/v)  glutaralde- 
hyde  was  added  for  fixing  the  plate  and  incubated  for  30  min. 
Next  0.5%  (w/v)  crystal  violet  dye  was  added  and  the  plate 
was  incubated  for  another  20  min.  The  plate  was  washed  with 
tap  water  and  dried  before  adding  1%  (yv/v)  sodium  lauryl 
sulfate  (SLS)  and  read  at  570  nm. 

Cellular  Uptake  and  Transfection  Efficiency 

Briefly,  A549  cells  were  grown  to  60—70%  confluency 
and  incubated  in  serum-free  medium  with  PSH-L  for 
4  h  at  37°G  and  5%  C02  in  quantities  required  to  de¬ 
liver  20—100  ng  of  DNA  per  10,000  cells.  100  ng  of 
pshPFKFB3  was  complexed  with  Lipofectamine  2000 
using  manufacturer’s  protocol  to  use  as  positive  reference 
control.  The  cells  were  incubated  for  48  h  with  regular 
media.  After  incubation,  the  medium  was  removed  and 
cells  were  washed  twice  with  sterile  PBS  and  GFP  ex¬ 
pression  was  visualized  by  fluorescence  microscopy  using 
an  Olympus  BX40  fluorescence  microscope  (22). 

Quantitative  RT-PCR 


Gomplexation  efficiency  ofpshPFKFB3  with  the  liposomes 
was  evaluated  by  centrifugation  and  UV  analysis  was  done 
using  NanoDrop  1000  (ThermoScientific,  USA).  Briefly, 
PSH-L  and  PSH-DL  were  centrifuged  at  1 8000  rpm  for  2  h 
at  4°G  (Beckman  J2-HG  Centrifuge,  Beckman,  US)  to  settle 
down  the  liposomes.  Supernatant  was  analyzed  spectrophoto- 
metrically  and  content  of  pDNA  was  calculated  using  the 
standard  expression  OD1  =  50  pg/mL  of  double  stranded 
pDNA.  Readings  from  formulations  were  compared  to  read¬ 
ings  from  standard  dilution  of  naked  pshPFKFB3. 
Gomplexation  efficiency  was  calculated  using  following  equa¬ 
tion; 


%  Gomplexation  efficiency 


—  (ApshPFKFB3  standard-  ^supernatant  )  X  I  00/ApshPFKFB3standard 


Where,  ApshPFKFB3standard  is  absorbance  of  the  standard 
naked  pshPFKFB3,  Asupemalanl  is  absorbance  of  supernatant 
after  centrifugation: 


In  Vitro  Cell  Cytotoxicity 

Briefly,  A549,  H460  and  HEK293  cells  were  plated  at  10,000 
cells/well  in  a  96-well  plate.  Cells  were  treated  either  with 
DTX  solution  or  NG-pDNA-DL  at  different  concentrations 


Total  RNA  from  cells  was  extracted  using  Tiazol  reagent  and 
treated  with  RNase-free  DNase  to  remove  any  residual  geno¬ 
mic  DNA.  Single-stranded  cDNAs  were  synthesized  by  incu¬ 
bating  total  RNA  (5  jug)  with  5X  reaction  mix,  reverse  tran¬ 
scriptase  and  Nuclease  free  water  at  46°G  for  20  min  and 
95°G  for  1  min  in  a  final  volume  of  20  pi.  Quantitative  real¬ 
time  PCR  (RT-PGR)  was  performed  to  compare  expression 
levels  of  each  of  the  total  RNA  sample.  RT-PCR  was  per¬ 
formed  on  CFX96  Real-Time  System  (Bio  rad,  California, 
USA)  in  the  presence  of  10  pi  SYBR  Green  Supermix,  1  pi 
cDNA,  and  H20  was  added  to  a  final  volume  of  20  pi.  RT- 
PGR  was  performed  with  an  initial  denaturation  step  of  30  s  at 
95°G,  followed  by  40  cycles  of  30  s  at  95°G,  5  s  at  65°G  and 
annealing  temperature  at  60°G.  PCR  products  were  moni¬ 
tored  in  real  time  by  measuring  the  increase  in  fluorescence 
caused  by  the  binding  of  SYBR  Green  I  Dye. 

pGP  Inhibition  Assay 

Briefly,  A549  cells  were  plated  in  20,000  cells/well  in  a 
24-well  plate  and  allowed  to  attach  overnight.  The  cells 
were  treated  with  different  concentrations  of  pshPFKFB3, 
and  incubated  for  24  h  at  37°G.  Wells  were  treated  with 
Rhl23  alone  or  with  PSH-L  /verapamil  and  incubated 
for  60  min  and  then  washed  twice  with  PBS. 
Fluorescence  microscopic  images  were  taken  to  observe 
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the  uptake  of  Rhl23  in  the  presence  of  pshPFKFB3  and 
verapamil. 

Apoptosis  Analysis  AO/EB  Double-Staining  and  Fluorescent 
Microscopy 

Briefly,  A549  and  H460  cells  were  seeded  at  a  density  of 
10,000  cells/well  plate  in  a  96-well  plate  and  allowed  to  attach 
for  24  h.  The  cells  were  treated  with  or  without  pshPFKFB3, 
DL  and  PSH-DL  complexes  and  incubated  for  24  h  at  37°G. 
A  control  was  maintained  as  untreated  cells.  The  cells  were 
washed  twice  with  PBS  and  incubated  with  3  mg/ ml  acridine 
orange  (AO)  and  3  mg/mL  ethidium  bromide  (EB)  for 
30  min.  The  cells  were  washed  twice  with  PBS  before  observ¬ 
ing  them  with  fluorescence  microscopy  using  an  Olympus 
BX40  fluorescence  microscope. 

Western  Blot 

Western  blotting  was  carried  out  on  cells  treated  with  dif¬ 
ferent  formulations  for  analyses  of  various  protein  markers 
Cdk2,  Survivin,  Bcl2,  Cleaved  Caspase  3,  JNK,  pJNK,  p38 
and  p-p38  and  PFKFB3.  Protein  lysates  were  prepared 
from  A549  and  H460  cells.  Briefly,  after  48  h  post  incuba¬ 
tion  with  PSH-L,  DL  and  PSH-DL;  the  cells  were  incubat¬ 
ed  in  RIPA  buffer  (50  nM  Tris-HCl,  pH  8.0,  with  150  nM 
Sodium  Chloride,  1.0%  Igepal  CA-630  (NP-40),  0.5% 
Sodium  Deoxychlorate,  and  0.1%  sodium  dodecyl  sulfate) 
with  protease  inhibitor  (500  mM  phenylmethylsulfonyl 
fluoride).  Protein  concentrations  were  determined  accord¬ 
ing  to  BCA  protein  assay  using  manufacturer’s  protocol 
(Rockford,  IL)  and  the  standard  plot  was  generated  by 
using  bovine  serum  albumin  (BSA).  Briefly,  50  jag  of  protein 
from  the  control  sample  and  all  the  different  treatment 
samples  were  denatured  by  boiling  at  100°C  for  5  min  in 
SDS  sample  buffer  and  subsequently  electrophoresed  in 
10%  SDS-PAGE  gel  and  then  transferred  into  nitrocellu¬ 
lose  membranes  followed  by  blocking  with  5%  BSA  in  tris- 
buffered  saline  with  Tween  20  (10  mM  tris-HCl  (pH  7.6), 
150  mM  NaCl,  and  0.5%  Tween),  and  probed  with  anti¬ 
bodies  against  Cdk2,  Survivin,  Bcl2,  Cleaved  Caspase  3, 
JNK,  pJNK,  p38  and  p-p38  at  1:500  and  PFKFB3  at 
1:200  for  the  lung  cancer  cells.  Proteins  were  detected  with 
HRP  conjugated  secondary  antibodies  using  SuperSignal 
West  pico  chemiluminescent  solution  (PIERCE, 
Rockford,  IL).  Densitometric  analysis  of  bands  was  per¬ 
formed  as  per  our  previous  methods  using  Chemi-Doc 
XRS+  Imaging  system  (Bio-Rad).  Results  were  expressed 
as  percentage  ratios  of  protein  expression  to  beta-actin  (set 
to  100%)  and  plotted  against  the  relative  intensity  com¬ 
pared  to  the  control. 


In  Vivo  Anti-Tumor  Activity 

The  antitumor  efficacy  of  different  formulations  of  PSH-L, 
DL  and  PSH-DL  were,  investigated  using  A549  tumor  xeno¬ 
graft  model  in  nude  mice  already  established  in  our  laborato¬ 
ry.  BALB/c  athymic  nudes  were  purchased  from  Charles 
River  Laboratories  (Wilmington,  Maryland)  and  were  kept 
in  specific  pathogen-free  conditions  in  a  facility  approved  by 
the  American  Association  for  Accreditation  of  Laboratory 
Animal  Care  (AAALAC).  All  experiments  were  done  in  ac¬ 
cordance  with  the  guidelines  of  the  Institutional  Animal  Care 
and  Use  Committee  (IACUC)  at  Florida  A&M  University. 
For  this,  4x1 06  A549  human  lung  cancer  cells  were  subcuta¬ 
neously  injected  into  the  right  flank  of  the  mice.  When  tumor 
volume  approximately  reached  150  mm3,  respective  formula¬ 
tions  were  given  intravenously  at  a  dose  of  5  mg/kg  of  DTX, 
once  every  3  days  for  2  weeks.  Subsequently,  tumor  volume 
was  measured  at  specified  time  using  Vernier  caliper  in  two 
dimensions.  Tumor  volume  (V)  was  measured  by  the  formula: 
V  =  (LxW2)/2,  where  length  (L)  is  the  longest  diameter  and 
width  (W)  is  the  shortest  diameter  perpendicular  to  length. 

RESULTS 

Preparation  and  Characterization  of  Dual  Functioning 
Liposomes 

Preparation  of  DTX  Liposomes 

DTX  liposome  formulation  was  prepared  by  solvent 
evaporation  method  by  using  different  ratios  of  phos¬ 
pholipid  mixtures.  Several  batches  of  DTX  liposomes 
were  prepared  according  to  the  DoE  studies  using  the 
Box  Behnken  design  with  the  quadratic  model.  The  re¬ 
sults  are  shown  in  the  Supplementary  information  SI. 
The  particle  size  of  DTX  liposomes  ranged  from 
84.0  nm  to  133.7  nm  and  the  entrapment  efficiency  of 
DTX  ranged  from  43.6%  to  98.9%.  Optimized  DTX 
liposome  (using  Desirability  index  based  selection  meth¬ 
od)  was  made  based  on  lowest  particle  size  and  highest 
entrapment  efficiency  and  the  composition  of  optimum 
batch  was  10  mg  DTX,  150  mg  DOPC,  40  mg  cationic 
lipids  (DOTAP  and  DDAB),  40  mg  DOPE  and  30  mg 
DSPE-mPEG2ooo-  This  formulation  had  particle  size  of 
91.2  +  9.4  nm,  zeta  potential  of  +22.3  ±  1.8  mV,  en¬ 
trapment  of  87.3  ±  2.6%  as  shown  in  supplementary 
information  SI.  Docetaxel  loading  in  total  lipids  used 
is  3.36  ±  0.09%  w/w.  The  optimized  lipid  composition 
was  further  used  for  complexation  with  pshPFKFB3  or 
with  NC-pDNA.  Particle  size  distribution,  zeta  potential 
and  entrapment  efficiency  data  of  different  liposomal 
formulations  are  shown  in  Table  I. 
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Table  I  Characteristics  of  Docetaxel  Liposome  Formulation  and  the  Corresponding  Placebo 


Formulation 

Particle  size  (nm) 

Polydispersity 

Zeta  potential  (mV) 

Entrapment  efficiency  (%) 

Blank  liposomes  (without  DTX  and  pshPFKFB3) 

87.3  ±  2.3 

0.204  ±  0.009 

+21.6  ±  1.9 

- 

DTX  liposomes  (From  DoE) 

91.2  ±  9.4 

0.269  ±0.012 

+22.3  ±  1.8 

87.3  ±  2.6 

DL 

105.6  ±  7.4 

0.265  ±  0.021 

+  17.8  ±  2.2 

89.7  ±  4. 1 

PSH-DL 

1  10.3  ±  8.3 

0.285  ±0.019 

+  18.5  ±  0.9 

88.9  ±  3.4 

Preparation  of  PSH-DP 

Briefly,  pshPFKFB3  complexed  liposomes  were  prepared 
using  the  lipid  composition  utilized  for  DTX  liposomes.  The 
results  are  shown  in  Fig.  1.  The  complexation  efficiency  of 
liposomes  was  evaluated  by  centrifugation /UV  spectropho to¬ 
me  trie  analyses  at  different  w/w  ratios  of  cationic  lipids  to 
pDNA.  The  weight  ratio  that  allowed  complete  complexation 
of  the  pDNA  was  found  to  be  2:1  and  it  corresponded  to  the 
N/P  ratio  of  2.2  indicating  2.2  M  excess  of  cationic  lipids  over 
phosphates  of  pDNA.  The  weight  ratio  higher  than  2.2  did 
not  significantly  increase  the  pDNA  complexation.  Similarly, 
DTX  lipoplexes  complexed  with  NC-pDNA  were  prepared 
at  the  same  weight  ratio.  The  particle  size  and  zeta  potential  of 
the  complexed  liposomes  were  found  to  be  1 10.3  ±  8.3  nm 
and  18.5  ±  0.9  mV.  Complexation  of  the  pDNA  did  not  cause 
any  significant  increase  in  the  size  of  the  liposomes  indicating 
that  the  liposomal  bilayer  retained  its  integrity  upon  complex¬ 
ation  with  pDNA  and  maintained  the  small  unilamellar  vesic¬ 
ular  structure.  The  marginal  increase  in  the  mean  particle  size 
can  be  accounted  to  the  pDNA  complexation  to  the  lipo¬ 
somes.  Moreover,  as  expected,  reduction  in  the  zeta  potential 
of  the  liposomes  was  in  line  with  the  pDNA  complexation  to 
the  cationic  liposomes. 

Cytotoxicity  of  DTX  and  pshPFKFB3 

Optimized  liposomes  of  DTX  and  pshPFKFB3  were  first 
evaluated  for  their  cytotoxicity  against  NSCLC  cells  in  vitro. 
Initially,  individual  cytotoxicity  of  the  DTX  liposomes 


pshPFKFB3:cationic  lipid  w/w  ratio 


Fig.  I  Complexation  efficiency  of  pshPFKFB3  with  DL  at  different  w/W  ratios 
of  plasmid  to  cationic  lipids.  The  results  show  mean  ±  SEM  of  three  inde¬ 
pendently  performed  experiments. 


complexed  with  NC-pDNA  (negative  control  pDNA)  and 
PSH-L  without  DTX  loading  were  formulated  to  determine 
their  individual  effects. 

Cytotoxicity  of  DTX  Liposome 

The  cytotoxicity  of  DL  was  evaluated  against  DTX  solution 
against  A549  and  H460  cells  by  incubating  cells  with  various 
concentrations  of  DTX  for  24  and  48  h.  In-vitro  cytotoxicity 
results  showed  that  after  48  h  of  exposure  to  DTX  solution, 
the  IC50  values  of  A549  and  H460  cells  were  0.43  pM  and 
0.37  pM  and  were  decreased  to  0.32  pM  and  0.20  pM,  re¬ 
spectively  when  treated  with  DTX  liposomes.  The  time  dependent 
cytotoxicity  by  DTX  observed  with  the  DTX-liposomal  formu¬ 
lation  was  possibly  due  to  cell  internalization  of  nanoparticles 
over  a  period  of  time  (Table  II). 

Cytotoxicity  of  Cationic  Lipids  on  Normal  Cells 

The  cytotoxicity  of  the  blank  liposomes  was  evaluated  against 
HEK293  cells  to  determine  the  safety  of  the  formulated  deliv¬ 
ery  systems  (23)  (Fig.  2).  The  cells  were  treated  with  different 
concentrations  of  cationic  lipids  and  incubated  for  48  h.  The 
cells  showed  a  viability  of  approximately  60%  even  in  the 
highest  concentration  of  6  mg/ mL  of  cationic  lipid  and  up 
to  3  mg/ mL  concentration,  cells  retained  >80%  viability. 

Cytotoxicity  of  DTX-pshPFKFB3  in  Combination 

The  effect  of  PSH-L  was  evaluated  with  A549  and  H460  cells 
and  it  was  observed  that  cytotoxicity  of  pshPFKFB3  was  3.3% 
and  3.8%  for  A549  and  H460,  respectively;  but  when  com¬ 
bined  with  DL  at  concentrations  of  0.25  pM,  0.50  pM  and 
1.0  pM,  the  cytotoxicity  increased  to  66.6%,  72.5%  and 


Table  II  IC50  of  Different  Lung  Cancer  Cells  for  Docetaxel  Solution  and 
Docetaxel  Liposome  over  a  Period  of  24  and  48  h 


Treatment 

Cell  line 

24  H 

48  H 

DTX  Solution  (t/M) 

A549 

0.95 

0.43 

H460 

V 

0.37 

DTX  Liposome  (t/M) 

A549 

0.23 

0.32 

H460 

V 

0.20 

Springer 


Liposomes  co-loaded  with  PFKFB3  shRNA  and  Docetaxel  for  NSCLC 


2377 


Amount  of  cationic  lipid  (mg/mL) 


Fig.  2  In  vitro  cell  viability  of  blank  liposome  for  HEK293  cells. 

85.4%  for  A549  NSCLC  cells;  30.8%,  52.4%  and  70.4%  for 
H460  NSCLS  cells  respectively  (Fig.  3).  Both  A549  and  H460 
showed  dose  dependent  increase  in  cellular  toxicity. 


Effect  of  pshPFKFB3  on  the  Anticancer  Activity  of  DTX 
Liposome 

Inhibition  of  PFKFB3  mRNA  Levels  by  pshPFKFB3 


For  quantitative  estimation  of  effect  of  formulations  on 
PFKFB3  mRNA  expression,  total  RNAs  from  A549  cells  were 
analyzed  by  RT-  PCR  after  reverse  transcription  of  the  RNA 
into  cDNA.  The  results  are  shown  in  Fig.  4.  Glyceraldehyde- 
3-phosphate  dehydrogenase  (GAPDH)  mRNA  was  kept  as  a 
housekeeping  gene.  Liposomes  prepared  with  negative  con¬ 
trol  plasmid  (NC-pDNA-L)  did  not  show  any  silencing  of  the 
PFKFB3  mRNA.  It  was  observed  that  the  PFKFB3  mRNA 
levels  decreased  by  approximately  1 1%  at  20  ng  and  35%  at 
40  ng  plasmid  level  as  compared  to  the  control  which  was 
significantly  lower  than  control.  Interestingly,  there  was  no 
significant  decrease  [p  >  0.05)  in  the  PFKFB3  mRNA  level 
when  concentration  of  plasmid  was  increased  from  40  ng  to 
up  to  100  ng  per  10,000  cells.  Therefore,  inhibition  of 
PFKFB3  mRNA  expression  by  developed  PSH-L  was  found 
to  be  effective  between  40  ng  -  100  ng  of  the  pshPFKFB3 
complexed  with  liposomes. 


100 

|  80 
o 

£  60 
o 

~  40 
12 

i  20 

O 


V 

*  s 


E2J 


i 


run 


PSH-L 
DL  0.25|jnn 
PSH-DL  0.25jjm 
DL  0.5pm 
PSH-DL  0.5pm 
DL  1|jm 
PSH-DL  1pm 


Fig.  3  Cytotoxicity  of  PSH-DL  complexes  against  A549  and  H460.  The 
results  show  mean  ±  SEM  of  three  independently  performed  experiments, 
ns,  statistically  non-significant,  compared  with  DL.  *,  P  <  0.05,  compared 
with  DL.  **,  P  <  0.0 1 ,  compared  with  DL. 


Fig.  4  Impact  of  PSH-L  at  different  doses  of  pshPFKFB3  on  PFKFB3  mRNA 
expression  in  A549  cells.  Bar  graph  depicts  real-time  RT-PCR  expression  of 
PFKFB3  as  compared  to  untreated  control  cells.  The  results  show  mean  of 
three  independent  experiments  with  SEM.  NC-pDNA-L  liposomes  with 
100  ng  of  NC-pDNA,  LF2KI00  =  Lipofectamine-2000  complexed  with 
pshPFKFB3  100  ng,  PSH-L20,  40,  60  and  100  =  PSH-L  with  20  ng,  40  ng, 
60  ng  and  1 00  ng  of  pshPFKFB3. 

Fluorescence  Microscopy  for  Expression  of  pshPFKFB3 

Cell  internalization  and  expression  of  GFP  by  PSH-L  was 
visualized  by  fluorescence  microscopy.  The  results  of  A549 
lung  cancer  cells  with  different  test  formulations  and  control 
cells  are  presented  in  Fig.  5.  Fluorescence  from  the  control 
cells  eliminated  the  possibility  of  background  fluorescence 
from  the  cells.  Naked  pshPFKFB3  was  not  able  to  transfect 
the  cells  and  hence  did  not  show  any  GFP  expression  which 
goes  in  line  with  the  RT-PGR  studies.  This  fluorescence  may 
result  from  some  cell  transfection  via  nonspecifically  captured 
plasmid-bearing  liposomes.  Fluorescence  microscopy  images 
also  revealed  that  the  treatment  of  A549  cells  with  PSH-L 
resulted  in  an  increase  in  cellular  fluorescence.  Hence,  the 
liposomes  were  being  internalized  in  the  cells  and  could  ex¬ 
press  GFP.  Expression  of  GFP  from  the  vector  also  suggests 
the  expression  of  the  shPFKFB3  as  well.  The  cells  treated  with 
the  complexes  demonstrated  a  substantially  higher  fluores¬ 
cence,  i.e.,  a  higher  transfection  outcome  at  a  concentration 
of  40  ng  per  10,000  cells.  At  similar  conditions,  100  ng 
pshPFKFB3  complexes  prepared  with  Lipofectamine-2000 
(LF2K100),  a  commercial  transfection  reagent,  provided 
higher  extent  of  fluorescence  level  compared  with  the  PSH- 
L40. 


Effect  of  pshPFKFB3  on  pGP  Activity 

Rhodaminel23  exclusion  assay  was  performed  for  demon¬ 
stration  of  pGP  activity  after  PSH-L  treatment  of  A549  cells. 
The  microscopic  images  are  shown  in  Fig.  6.  Verapamil  with 
rhodamine  was  used  as  a  positive  control,  Rhl  23  as  a  negative 
control  and  lipofectamine-2000  as  reference  control.  The  ac¬ 
cumulation  of  Rhl 23  was  noted  to  differ  for  different 
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Control  pshPFKFB3  LF2K100  PSH-DL40 


Fig.  5  In  vitro  expression  of  GFP  after  pshPFKFB3  plasmid  transfection.  pPFKFB3  plasmid  contains  GFP  expressing  sequence  that  can  express  GFP  after 
transfection.  Control  indicates  cells  without  any  treatments.  pshPFKFB3  indicates  cells  treated  with  naked  pshPFKFB3.  LF2KI00  =  Lipofectamine-2000  com- 
plexed  with  1 00  ng  pshPFKFB3,  PSH-L  40  =  PSH-L  with  40  ng  of  pshPFKFB3.  Scale  bar  is  of  200  fJm  size. 


formulations  or  controls  indicating  differential  pGP  activity  in 
the  cells  after  different  treatments.  Verapamil  being  a  pGP 
inhibitor  led  to  highest  accumulation  of  Rhl23  in  the  cells  as 
seen  by  the  highest  green  fluorescence  in  the  cells.  Also, 
pshPFKFB3  liposomes  led  to  reduced  exclusion  of  Rhl23.  It 
was  visually  discernible  that  there  was  reduction  in  Rhl23 
efflux  after  treatment  with  pshPFKFB3  liposomes  from  20 
ng/well  to  40  ng/well.  However,  increasing  levels  of 
pshPFKFB3  i.e.  60  ng  and  100  ng  did  not  cause  any  visually 
apparent  increase  in  the  fluorescence  compared  to  40  ng  level 
and  the  Rhl23  accumulations  were  almost  similar  to  40  ng 
treatment. 

Apoptosis  Analysis  byAO/EB  Double-Staining 
and  Fluorescent  Microscopy 

After  treatment  with  PSH-L,  DL  and  PSH-DL  complexes  for 
48  h,  apoptosis  induction  was  demonstrated  using  acridine 
orange  and  ethidium  bromide  on  A549  and  H460  cells.  As 
shown  (Fig.  7)  in  the  control  group  (no  treatment),  a  scarce 
number  of  apoptotic  cells  were  visible.  Same  observation  was 
there  with  the  PSH-L  as  well;  while  in  DL  group  and  PSH-DL 


group,  the  number  of  apoptotic  cells  increased.  PSH-DL 
showed  highest  number  of  apoptotic  cells  to  the  magnitude 
of  2-3  folds  higher  when  co-loaded  liposomes  were  used.  A 
similar  trend  was  observed  in  the  H460  cells  as  well  which  had 
the  highest  number  of  apoptotic  cells  in  the  PSH-DL  group. 

Western  Blot  Analyses 

Western  blotting  was  performed  to  see  the  effects  of  different 
formulations  on  expression  of  various  cell  apoptosis,  survival 
and  stress  markers.  Densitometric  analysis  of  bands  showed 
that  PFKFB3  was  significantly  downregulated  as  compared  to 
control  in  the  PSH-L  and  similar  results  were  observed  with 
PSH-DL  treated  cells  (Fig.  8).  Further,  the  densitometric  anal¬ 
ysis  of  western  blot  bands  revealed  that  PFKFB3  relative  band 
density  was  reduced  to  0.41  for  the  PSH-DL  in  comparison  to 
untreated  control  cells  for  both,  A549  and  H460  cells.  A  sig¬ 
nificant  down  regulation  of  Cdk2  was  observed  in  both  the 
NSGLG.  The  combination  caused  a  decrease  in  the  relative 
intensity  to  0.43  and  0.66  in  A549  and  H460  cells  respectively, 
as  compared  to  the  control.  Cell  survival  marker,  survivin, 
expression  also  decreased  significantly  (p  <  0.05)  to  0.31  and 
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Fig.  6  pGP  inhibition  assay  using  Rhl23.  Fluorescence  microscopy  images  of  A549  lung  cancer  cells  incubated  with  Rh  1 23  after  treatment  with  different 
formulations.  Rh  =  Rh  1 23 ,  Vp  =  verapamil,  LF2KI00  =  Lipofectamine-2000  complexed  with  pshPFKFB3  100  ng,  PSH-L20,  40,  60  and  100  =  PSH-L  with 
20  ng,  40  ng,  60  ng  and  1 00  ng  of  pshPFKFB3. 
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Fig.  7  Apoptosis  by  AO/EB  dual  staining.  Fluorescent  microscopic  images  of  A549  and  H460  NSCLC  cells  after  different  treatments. 


0.24  in  A549  and  H460  respectively  in  the  PSH-DL  com¬ 
plexes  as  compared  to  the  control.  The  expression  of  Bcl2, 


an  apoptotic  marker,  was  significantly  down  regulated 
(p  <  0.05)  to  0.04  and  0.06  in  the  PSH-DL  complexes  for 
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Fig.  8  A.  Western  blot  densitometric  analysis  of  PFKFB3,  various  cell  survival  markers,  apoptotic  markers  and  stress  related  markers.  The  results  show  mean  of 
three  independent  experiments.  *  indicates  p  <  0.05  compared  with  untreated  controls;  **  indicates  p  <  0.0 1  compared  to  untreated  controls. 
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A459  and  H460  cells  respectively  compared  to  control  cells 
(Fig.  8).  A  significant  up-regulation  of  cleaved  caspase-3  was 
also  found  in  the  PSH-DL  complexes.  The  relative  intensity 
increased  to  2.39  {p  <  0.05)  and  2.54  (p  <  0.01)  for  A549  and 
H460,  respectively.  Up-regulation  of  p-JNK  and  p-p38  was 
also  observed  indicating  that  activation  of  stress-related  path¬ 
ways  may  have  triggered  apoptosis. 

In  Vivo  Anti-Tumor  Activity 

Tumor  volume  significantly  decreased  after  treatment  with 
DL  or  PSH-DL  complexes  compared  to  control  (Fig.  9). 
PSH-L  did  not  show  a  significant  decrease  (p  >  0.05)  in  tumor 
volume.  Tumor  volume  for  the  combination  treatment  aver¬ 
aged  848  mm3compared  with  1597  mm3  for  DL  treatment  or 
3207  mm3for  PSH-L  treatment  on  day  21  post  tumor  cell 
implantation.  It  is  evident  that  combination  treatment  was 
most  effective  in  inhibiting  tumor  growth  compared  to  DTX 
or  pshPFKFB3  treatments. 

DISCUSSION 

The  present  study  of  development  of  co-delivery  system  for 
plasmid  for  expression  of  shRNA  against  PFKFB3  mRNA 
along  with  docetaxel  was  hypothesized  based  on  cancer  tu¬ 
mor’s  two  basic  characteristics  that  are  flaunted  by  their  dif¬ 
ferent  physical  attributes  a)  outer  highly  proliferating  mass  of 
cells  and  b)  deep-lying  comparatively  slow  proliferating  hyp¬ 
oxic  mass  of  cells.  This  makes  the  use  of  single  agent  thera¬ 
peutics  to  be  less  effective  in  eradicating  the  cancer  cells  due  to 
their  higher  effectiveness  against  these  highly  proliferating 
cells  as  compared  to  the  hypoxic  low  proliferating  cancer  cells. 
Hence,  targeting  the  pathways  that  are  specific  to  hypoxia 
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Fig.  9  Effects  of  different  liposomes  on  human  A459  lung  tumor  xenograft 
model  tumor  volume.  Measurements  were  made  on  day  2 1  after  tumor  cell 
implantation.  Tumor  volumes  are  captured  in  mm3.  The  results  show  mean  of 
three  independent  experiments  with  the  SEM.  ns,  statistically  nonsignificant, 
compared  with  untreated  control;  **  indicates  p  <  0.01 ,  compared  to  DL; 
and  ***  indicates  p  <  0.00 1 ,  compared  with  untreated  controls. 


along  with  use  of  chemotherapeutic  agents  is  a  better  way  to 
treat  cancer.  Glycolysis  being  the  predominant  energy  pro¬ 
duction  mechanism  in  cancer  cells,  it  can  be  targeted  using 
several  of  glycolytic  inhibitors  which  target  specific  enzymes  of 
glycolytic  pathways  (24).  PFKFB3  being  a  rate  limiting  en¬ 
zyme  in  glycolytic  pathway,  it  has  been  recently  explored  as 
a  therapeutic  target  for  cancer  treatment  using  small  molecule 
inhibitors  ofPFKFB3  such  as  3-(3-pyridinyl)-l-(4-pyridinyl)-2- 
propen-l-one  (3PO)  and  l-(4-pyridinyl)-3-(2-quinolinyl)-2- 
propen-l-one  (PFK15)  (25,26). 

In  the  present  study,  we  have  developed  a  novel  liposomal 
delivery  system  for  the  co-delivery  of  pshPFKFB3  (plasmid  for 
shRNA  against  PFKFB3)  and  DTX.  Selection  of  plasmid  for 
shRNA  over  siRNA  itself  was  based  on  the  stability  of  the 
plasmid  in  vivo  milieu  and  more  importantly,  the  expression 
of  plasmid  would  provide  constant  supply  of  shRNA  over  time 
which  would  exert  its  silencing  activity  on  the  PFKFB3 
mRNA.  Such  shRNA  based  targeting  offers  additional  advan¬ 
tages  over  RNAi  by  siRNA  due  to  low  likelihood  of  off- target 
effects  and  low  immunological  reactivity  and  toxicity  (14,27). 
Moreover,  the  co-delivery  of  pshPFKFB3  with  DTX  could 
act  in  synergy  through  i)  energy  deprivation  of  cells  leading 
to  either  cytostasis/  cytotoxicity,  ii)  inhibition  of  energy  depen¬ 
dent  pathways  and  processes  iii)  sensitization  to/synergism 
with  chemotherapeutic  agents  through  reduction  of  hypoxia- 
linked  resistance  or  ATP  dependent  MDR  (24).  Hence,  our 
formulation  strategy  would  make  it  possible  to  act  on  both 
hypoxic  and  non-hypoxic  tumor  cells. 

We  have  used  unsaturated  lipids  such  as  DOPG,  DOPE, 
and  DOTAP  all  of  which  have  unsaturated  oleoyl  chains  and 
provide  bilayer  deformities  to  accommodate  the  drug  in  the 
lipid  bilayer.  Moreover,  DOPE  was  used  for  its  endosomal 
escape  capabilities  through  transition  of  bilayer  phase  to 
inverted  hexagonal  phase  under  acidic  condition  of 
endosomes  leading  to  cytosolic  release  of  nucleic  acid  cargo 
(28,29).  Furthermore,  development  of  a  co-delivery  system 
through  co-loading  of  gene  and  drug  in  same  liposomal  car¬ 
rier  gives  advantage  over  other  polymeric  system  in  their  more 
biocompatibility  and  possibility  for  co-loading  hydrophilic/ 
hydrophobic  drugs  in  liposomal  core /bilayer  without  exten¬ 
sive  modifications  of  the  system. 

Liposomes  were  initially  optimized  for  the  drug  loading 
and  particle  size  using  DoE  approach  using  a  Box-Benken 
design  (See  supplementary  information- 1).  Using  the  same 
lipid  composition,  pshPFKFB3  complexed  liposomes  - 
PSH-L  and  PSH-DL  were  prepared.  We  separately  evaluated 
the  effect  of  PSH-L  and  DL.  For  co-delivery,  optimized  lipo¬ 
somal  formulation  of  DTX  was  further  used  for  complexation 
with  pshPFKFB3.  Developed  DTX-pshPFKFB3  liposomes 
were  110.3  nm  with  a  positive  surface  charge  of  18.5  mV 
and  had  an  entrapment  efficiency  of  ~89%  which  is  equiva¬ 
lent  to  drug  to  lipid  ratio  of  ~3.7  mol%.  PEGylation  which 
would  impart  long  circulation  character  to  liposomes  and 
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nano  range  particle  size  infers  that  the  developed  liposomes 
would  be  able  to  provide  tumor  tissue  penetration  through 
enhanced  permeation  and  retention  (EPR)  effect  in  the  lung 
tumors  (30).  Reduced  zeta  potential  of  PSH-DL  compared  to 
DTX  liposomes  is  due  to  the  complexation  of  cationic  lipo¬ 
somes  with  pshPFKFB3  which  makes  ionic  complex  through 
its  phosphates  with  cationic  head  groups  of  DOTAP  and 
DDAB  (31).  Moreover,  the  reduction  in  the  zeta  potential  is 
also  in  part  due  to  the  surface  masking  as  a  result  of 
PEGylation.  The  complexation  N/P  ratio  of  2.2:1  suggests 
that  there  is  two  times  molar  excess  of  cationic  nitrogens  of 
DOTAP  and  DDAB  over  phosphates  of  the  pDNA  which 
goes  in  concordance  with  the  literature  data.  This  supports 
the  external  model  of  complexation  of  pDNA  with  liposomes 
(i.e.  complexation  of  pDNA  on  the  external  liposomal  surface) 
with  cationic  lipids  on  the  inner  side  of  the  bilayer  not  used  for 
complexation  (32). 

We  assessed  the  extent  of  cancer  cell  killing  by  the  DTX 
solution,  blank  cationic  liposomes  and  DTX  liposomes  com- 
plexed  with  NG-pDNA  and  pshPFKFB3  liposomes  on  A549 
and  H460  NSCLC  cell  lines.  Blank  liposomes  showed  negli¬ 
gible  toxicity  on  all  the  cancer  cell  lines  used  in  the  cytotoxicity 
studies  (<5%).  DTX  liposomes  complexed  with  NG-pDNA 
were  used  for  cytotoxicity  studies  as  DTX  liposomes  alone 
would  be  taken  up  more  efficiently  than  the  pDNA  complexed 
liposomes.  Hence,  DTX  liposomes  complexed  with  NG- 
pDNA  (DL)  were  used  for  cytotoxicity  studies  and  other  stud¬ 
ies  to  represent  the  actual  liposomal  formulation  which  con¬ 
siders  the  effect  of  complexation  of  pDNA  on  cell  uptake  and 
toxicity.  Moreover,  the  NG-pDNA-L  did  not  show  any  cyto¬ 
toxicity  to  cells  indicating  there  is  no  carrier  dependent  cyto¬ 
toxicity  nor  there  is  any  cytotoxicity  due  to  off-target  effects  by 
the  plasmid  vector.  Hence,  the  toxicity  rendered  by  the  lipo¬ 
somes  is  due  to  DTX  only.  For  both  DTX  formulations  i.e. 
DTX  solution  and  DL,  we  observed  a  decrease  in  IC50  with 
time  i.e.  24  h  vs.  48  h  showing  the  time  dependent  cytotoxicity 
by  DTX  which  goes  in  line  with  the  increasing  cellular  mitotic 
spindle  formation  defects  induced  by  DTX  on  longer  duration 
of  exposure  (33).  However,  there  was  a  statistically  significant 
improvement  in  the  cytotoxicity  of  the  DL  against  the  DTX 
solution  which  is  due  to  the  improved  uptake  of  liposomes  in 
the  cells  compared  to  free  drug.  Moreover,  this  study 
established  that  the  developed  liposomal  delivery  is  able  to 
deliver  DTX  to  lung  cancer  cells  more  effectively  over 
solution. 

Our  developed  liposomes  are  cationic  systems  with  mem¬ 
brane  destabilizing  lipids,  hence  we  evaluated  toxicity  of  the 
liposomes  on  normal  epithelial  cell  line  (HEK  cell  line)  which 
would  give  an  idea  about  the  toxicity  of  liposomes  to  other 
normal  cells  of  the  body  (34).  HEK  cells  were  treated  with 
blank  liposomes  and  cytotoxicity  estimations  were  made. 
Results  revealed  that  even  up  to  a  concentration  of  3  mg/ 
mL  of  cationic  lipids,  liposomes  showed  more  than  80%  cell 


viability  suggesting  that  at  therapeutically  effective  concentra¬ 
tion  of  DTX  and  pshPFKFB,  there  would  be  negligible  tox¬ 
icity  posed  by  cationic  lipids. 

Next,  we  evaluated  the  effect  of  pshPFKFB  3  on  the  cellular 
PFKFB3  expression  in  A549  cells.  The  level  of  expression  of 
shRNA  was  confirmed  through  RT-PGR  studies  in  which  the 
down-regulation  of  pshPFKFB  3  was  monitored  through  RT- 
PGR  for  PFKFB3  mRNA.  No  PFKFB3  mRNA  silencing  by 
NG-pDNA  liposomes  suggested  there  is  no  nonspecific  silenc¬ 
ing  by  the  NG  plasmid  and  by  the  vector  used  in  the  study. 
This  concludes  that  the  silencing  of  the  PFKFB3  mRNA  is 
due  to  the  pshPFKFB 3  only.  With  the  PSH-L,  the  levels  of 
PFKFB3  mRNA  gradually  decreased  with  increasing  concen¬ 
tration  of  pshPFKFB  3  up  to  40  ng  level.  However,  further 
increase  up  to  100  ng  in  the  pshPFKFB 3  level  did  not  cause 
any  apparent  down-regulation  in  PFKFB  mRNA.  This  sug¬ 
gests  that  the  level  of  expressed  PFKFB 3  mRNA  reaches  a 
plateau  after  certain  levels  of  expression  of  shRNA.  It  can  be 
deduced  from  these  results  that  increased  expression  of 
shRNA  will  not  be  effective  to  further  down-regulate  the 
PFKFB  3  mRNA  due  to  saturation  of  the  RNAi  machinery 
required  for  effectiveness  of  shRNA  which  will  ultimately  lead 
to  saturation  of  the  efficacy  of  pshPFKFB3  (26,35).  Further, 
we  evaluated  the  expression  of  plasmid  through  fluorescence 
microscopy  studies  using  GFP  expression  and  we  also  evalu¬ 
ated  if  the  naked  plasmid  itself  is  able  to  do  any  transfection. 
Results  confirmed  that  naked  plasmid  has  been  reported  in 
literature,  is  not  able  to  transfect  the  cells  due  to  the  high 
molecular  weight  and  negative  charge.  However,  both  the 
liposomal  carriers  i.e.  lipofectamine-2000  and  developed 
PSH-L  could  transfect  cells  effectively  as  it  can  be  seen  from 
the  fluorescence  inside  the  cells  due  to  GFP  expression. 
Results  also  showed  that  LF2K  complexed  with 
pshPFKFB  3  at  100  ng  of  plasmid  showed  higher  expression 
of  GFP  compared  to  GFP  expression  by  PSH-DL  at  40  ng 
plasmid  level.  This  indicates  that  the  expression  of  mRNA  for 
GFP  and  hence,  mRNA  for  shRNA  from  plasmid  might  be 
higher  at  higher  pshPFKFB 3  levels  (60  and  100  ng).  However, 
as  speculated  in  the  mRNA  expression  studies,  saturation  of 
the  shRNA  silencing  machinery  would  be  the  reason  for  the 
plateaued  silencing  after  40  ng  plasmid  level.  However,  the 
cellular  GFP  expression  studies  undoubtedly  conclude  that 
developed  liposomal  vector  is  effective  in  expressing  the 
mRNA  either  for  GFP  expression  or  for  further  metabolism 
to  convert  to  shRNA  for  silencing  PFKFB  3.  Based  on  this 
study,  the  treatment  level  of  pshPFKFB 3  was  kept  constant 
at  40  ng/well  for  96  well  plate  and  appropriate  scaling  of 
pshPFKFB  3  level  was  done  to  keep  this  level  constant  for 
further  experimentation  in  the  24  well  plates,  12  well  plates 
and  25  cm2  T-flasks  for  use  with  different  levels  of  DTX. 

Confirming  the  amount  of  pshPFKFB,  we  next  evaluated 
the  cytotoxicity  of  PSH-L  as  well  as  PSH-DL  compared  to  DL 
in  both  A549  and  H460  NSCLC  cell  lines  to  validate  the 
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results  that  were  observed  in  aforementioned  studies.  For  this, 
cytotoxicity  studies  were  carried  out  on  A549  cells  with  PSH- 
L,  DL  and  PSH-DL  keeping  40  ng/ well  (for  96  well  plate  or 
for  10,000  cells)  of  pshPFKFB3  constant.  It  was  observed  that 
PSH-L  had  negligible  effect  on  the  cytotoxicity  of  A549  and 
H460  cells  suggesting  that  glycolytic  seizure  rendered  at  the 
selected  dose  of  pshPFKFB3  is  not  causing  cell  killing.  This 
might  be  due  to  the  cytostatic  and  not  cytotoxic  effect  of 
pshPFKFB3  on  the  cancer  cells.  Similar  results  have  been 
observed  for  certain  glycolysis  inhibitors  where  cell  prolifera¬ 
tion  was  arrested  instead  of  cell  killing  (1 1,26).  However,  our 
results  show  that  in  A549  and  H460  cells,  statistically  insignif¬ 
icant  improvement  of  mean  cancer  cell  death  was  there 
(p  >  0.05).  Moreover,  cytotoxicity  of  PSH-DL  was  significantly 
[p  <  0.05)  higher  compared  to  PSH-L  and  DL.  This  deduces 
that  even  at  the  concentration  of  pshPFKFB3  which  did  not 
show  effective  cell  killing,  it  enhanced  the  cytotoxicity  of  DTX 
liposomes. 

It  is  known  that  the  epidermal  cells  enter  division  only  in 
the  presence  of  glucose  (36).  This  contention  can  be  extended 
to  proliferation  of  all  epithelial  cells  including  epidermal  cells 
i.e.  lung  epithelial  cells.  Moreover,  NSGLG  cells  bearing  a 
cancerous  genotype  exhibit  higher  glucose  requirements  for 
proliferation  and  growth.  Bullough  analyzed  and  established 
that  one  of  the  rate  limiting  step  that  controls  energy  produc¬ 
tion  as  well  as  mitosis  is  PFKFB  mediated  (36,37).  Hence,  the 
pshPFKFB3  is  effective  in  blocking  the  energy  supply  in  the 
cells  that  provides  ATP  supplies  to  the  energy  dependent  pro¬ 
cesses  of  the  cell.  As  pshPFKFB3  transfection  alone  is  not 
cytotoxic  to  cancer  cells,  improvement  in  the  cytotoxicity  of 
DTX  liposomes  in  presence  of  pshPFKFB3  might  be  due  to  a 
mechanism  other  than  the  energy  deprivation  of  cells  due  to 
glycolysis  inhibition.  This  can  be  justified  by  the  effective 
blocking  of  glycolysis  that  provides  for  the  energy  requirement 
for  mechanisms  other  than  just  inhibition  of  proliferation  due 
to  energy  deprivation  of  cancer  cells  (38).  We  hypothesized 
this  mechanism  to  be  energy  dependent  pGP  efflux  of  drug 
which  is  active  in  the  NSGLG  cells  and  gets  ceased  with  the 
pshPFKFB3  transfection.  Moreover,  other  biochemical  pro¬ 
cesses  involved  in  cellular  response  to  damage  caused  by  an¬ 
ticancer  drugs  are  energy  dependent  inhibition  of  processes 
which  due  to  diminution  of  PFKFB 3  mRNA  by  pshPFKFB3 
has  enhanced  the  cytotoxicity  of  the  DTX  on  cancer  cells. 

To  confirm  the  aforementioned  hypothesis  and  for  the  di¬ 
rect  measurement  of  activity  of  PFKFB  3  shRNA  expressed 
from  pshPFKFB3  on  pGP,  we  carried  out  the  pGP  inhibition 
assay  with  Rhodaminel23  (Rhl23)  which  is  a  pGP  substrate 
(39).  Our  studies  confirmed  that  the  inhibition  of  glycolysis  by 
pshPFKFB3  liposomes  reduced  the  activity  of  the  pGP  which 
ultimately  leads  to  higher  accumulation  of  Rhl  23  in  cells.  Due 
to  the  active  pGP  efflux  in  A549  cells,  accumulation  of  Rhl  23 
and  hence  fluorescence  was  of  low  intensity  when  cells  were 
treated  only  with  Rhl 23.  Verapamil  which  is  used  as  the 


positive  control,  showed  highest  accumulation  of  the  Rhl 23 
due  to  its  blocking  activity  on  pGP  efflux.  All  the  pshPFKFB3 
liposomal  formulations  showed  increasing  fluorescence  as 
compared  to  control  indicating  inhibition  of  glycolysis  by 
pshPFKFB3  was  able  to  reduce  the  pGP  based  efflux  of 
Rhl 23.  Hence,  it  confirms  that  increased  cytotoxicity  seen 
with  the  lipoplexes  is  due  to  the  reduced  DTX  efflux  by 
pGP  due  to  simultaneously  inhibited  PFKFB  3  mRNA  by 
the  pshPFKFB3. 

In  order  to  identify  and  confirm  various  markers  involved 
in  the  cytotoxicity  by  the  co-delivery,  we  carried  out  the  west¬ 
ern  blotting  for  apoptotic  markers  in  A549  and  H460  cells 
(40).  Protein  markers  of  cell  survival  and  apoptosis  were  eval¬ 
uated.  Activation  of  the  caspase-3  pathway  is  a  hallmark  of 
apoptosis  (41).  Our  liposome  formulation  was  successful  in  up- 
regulating  the  cleaved  caspase  3  in  the  lung  cancer  cells. 
Moreover,  other  apoptotic  markers  such  as  p38  and  JNK 
were  also  up-regulated  including  their  activated 
(phosphorylated)  forms.  JNK-p38  pathway  is  also  a  well- 
established  indicator  of  apoptosis  in  cancer  cells  (42).  Many 
chemotherapeutic  agents  including  DTX  require  p38  activity 
for  the  induction  of  apoptosis  (43).  Once  activated,  p38  pro¬ 
teins  translocate  from  the  cytosol  to  the  nucleus  causing  cellu¬ 
lar  responses  through  the  phosphorylation  of  its  downstream 
transcription  factors.  Our  liposomal  formulation  have  shown 
to  reduce  the  expression  of  Cdk2  which  is  critical  during  the 
G1  to  S  phase  transition  (44).  Moreover,  reduction  in  expres¬ 
sion  of  Bel- 2  and  survivin  are  also  involved  in  apoptosis  induc¬ 
tion  in  lung  cancer  cells.  Ultimately,  the  formulation  was  eval¬ 
uated  in  the  in  vivo  model  of  NSGLG.  The  in  vivo  therapeutic 
activity  was  evaluated  in  the  A549  tumor  xenograft  model. 
The  results  further  confirmed  that  the  plasmid  alone  was  not 
able  to  reduce  the  tumor  size  in  the  animal  model.  However, 
the  co-loaded  liposomes  PSH-DL  were  showing  significantly 
higher  tumor  volume  reduction.  The  results  of  in  vivo  study  are 
in  line  with  and  validate  the  results  of  in  vitro  studies.  PSH-L 
alone  is  ineffective  in  the  tumor  volume  reduction  while  PSH- 
DL  demonstrated  statistically  significant  reduction  in  the  tu¬ 
mor  volume  with  co-delivery  compared  to  DL.  This  suggest 
that  the  liposomal  formulation  is  effective  in  penetrating  the 
tumor  and  delivering  the  pshPFKFB3  and  DTX  to  the  cancer 
cells  that  works  in  a  synergistic  fashion  with  the  DTX. 

CONCLUSION 

Overall,  we  demonstrated  for  the  first  time  that  the  combina¬ 
tion  of  pshPFKFB3  with  docetaxel  can  be  effectively  used  for 
lung  cancer  treatment.  The  liposomes  carrying  the 
pshPFKFB3  and  DTX  demonstrated  anticancer  activity  by 
increasing  apoptosis  and  cellular  stress.  In  summary,  the  pres¬ 
ent  findings  establish  that  the  co-delivery  of  docetaxel  and 
pshPFKFB3  can  prove  to  be  of  great  therapeutic  value  for 
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lung  cancer  treatment  due  to  the  ability  of  RNAi  based  gly¬ 
colytic  inhibitor  to  enhance  the  therapeutic  efficacy  of  doce- 
taxel.  Moreover,  our  study  provides  a  proof-of-concept  for 
simultaneous  delivery  of  synergistic  combination  of  gene  and 
drug  to  cancer  cells  through  co-loading  of  gene  and  drug  in 
the  same  liposomal  system.  Furthermore,  such  treatment 
needs  to  be  evaluated  in  more  bio-relevant  in  vivo  models  such 
as  PDX  models  and  also  utility  of  this  formulation  can  be 
evaluated  for  the  treatment  of  NSCLC  not  responding  to  or 
resistant  to  traditional  therapies.  In  summary, 
chemosensitization  of  NSCLC  cells  through  glycolysis  inhibi¬ 
tion  could  possibly  a  better  mechanism  of  an  effective  lung 
cancer  treatment. 
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